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Abstract. Many plant traits covary in a non-random man-
ner reflecting interdependencies associated with “ecological
strategy” dimensions. To understand how plants integrate
their structural and physiological investments, data on leaf
and leaflet size and the ratio of leaf area to sapwood area
(8LS) obtained for 1020 individual trees (encompassing 661
species) located in 52 tropical forest plots across the Ama-
zon Basin were incorporated into an analysis utilising ex-
isting data on species maximum height (Hmax), seed size,
leaf mass per unit area (MA), foliar nutrients and δ13C, and
branch xylem density (ρx).
Utilising a common principal components approach allow-
ing eigenvalues to vary between two soil fertility dependent
species groups, five taxonomically controlled trait dimen-
sions were identified. The first involves primarily cations,
foliar carbon and MA and is associated with differences in
foliar construction costs. The second relates to some com-
ponents of the classic “leaf economic spectrum”, but with
increased individual leaf areas and a higher 8LS newly iden-
tified components for tropical tree species. The third relates
primarily to increasing Hmax and hence variations in light
acquisition strategy involving greater MA, reductions in 8LS
and less negative δ13C. Although these first three dimensions
were more important for species from high fertility sites the
final two dimensions were more important for low fertility
species and were associated with variations linked to repro-
ductive and shade tolerance strategies.
Environmental conditions influenced structural traits with
ρx of individual species decreasing with increased soil fer-
tility and higher temperatures. This soil fertility response
appears to be synchronised with increases in foliar nutrient
concentrations and reductions in foliar [C]. Leaf and leaflet
area and 8LS were less responsive to the environment than
ρx.
Thus, although genetically determined foliar traits such as
those associated with leaf construction costs coordinate in-
dependently of structural characteristics such as maximum
height, others such as the classical “leaf economic spectrum”
covary with structural traits such as leaf size and 8LS. Coor-
dinated structural and physiological adaptions are also asso-
ciated with light acquisition/shade tolerance strategies with
several traits such as MA and [C] being significant compo-
nents of more than one ecological strategy dimension. This
is argued to be a consequence of a range of different po-
tential underlying causes for any observed variation in such
“ambiguous” traits. Environmental effects on structural and
physiological characteristics are also coordinated but in a dif-
ferent way to the gamut of linkages associated with geno-
typic differences.
1 Introduction
Plant traits are widely used in ecology and biogeochemistry.
In particular, sets of functional characters can serve as the
basis for identifying important adaptations that improve the
success of different taxa at different environments. Over the
last decade significant advances have been made in terms of
our understanding of plant trait inter-relationships and asso-
ciated trade-offs (Reich et al., 1997; Westoby et al., 2002),
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especially in terms of the so called “leaf economic spectrum”
(Wright et al., 2004) with well documented systematic and
co-ordinated changes in leaf nitrogen and phosphorus con-
centrations, leaf mass per unit area, MA and leaf lifetimes.
Attention has also been paid to the relationships between
physiological and structural characteristics of leaves and
other plant traits. For example, it has been reported that
leaf size declines with wood density, ρw (Pickup et al., 2005;
Wright et al., 2006, 2007; Malhado et al., 2009) and it has
been suggested that this is because the ratio of leaf area
to sapwood area (8LS) should also decline with increas-
ing wood density due to hydraulic constraints (Wright et
al., 2007). Nevertheless, although 8LS may decline with
ρw for trees in some ecosystems that are clearly water-
limited (Ackerly, 2004; Cavender-Bares et al., 2004), 8LS
sometimes actually increases with ρw (Wright et al., 2006;
Meinzer et al., 2008). The latter study also found that as-
sociated with these higher 8LS and high wood density stems
were lower stem hydraulic conductances, more negative mid-
day leaf water potentials, and more negative bulk leaf os-
motic potentials at zero turgor. Thus, leaves of some high
wood density species may be characterised by physiological
and structural adaptations allowing them to function at more
severe water deficits than is the case for low wood density
species.
The Panama study of Meinzer et al. (2008) also found that
higher ρw species tended to have higher MA. Although sim-
ilar positive correlations between MA and ρw have also been
reported for other ecosystems (e.g. for sclerophyllous for-
est: Ishida et al., 2008) when examining the bivariate rela-
tionship between ρw and MA across a range of tropical forest
sites, Wright et al. (2007) observed no significant relation-
ship. Likewise, when examining variation in leaf and stem
traits for 17 dipterocarp species growing in a common gar-
den in southern China, Zhang and Cao (2009) also found no
significant correlation between ρw and MA.
Variations in MA may also be related to a suite of ad-
ditional plant physiological characteristics (Poorter et al.,
2009), varying negatively with dry-weight foliar nitrogen
and phosphorus concentrations (Wright et al., 2004; Fyllas
et al., 2009) as well as tending to increase with increasing
tree height (Thomas and Bazzaz, 1999; Kenzo et al., 2006;
Lloyd et al., 2010). Potential tree height, Hmax, has also been
related to a number of wood traits (Chave et al., 2009) with
taller plants tending to have bigger conduits in their trunks,
but fewer conduits overall (Coomes et al., 2007).
Within a given stand, taller and generally more light-
demanding rain forest species also tend to have larger leaves,
this being associated with shallower crown and a more effi-
cient light capture (Poorter et al., 2006; Poorter and Rozen-
daal, 2008). Leaf–size may also be influenced by other
factors. For example, Australian rain forests growing on
oligotrophic soils typically have a greater abundance of
smaller leaved species than for nearby forests found on more
mesotrophic soil types (Webb, 1968).
Seed size may also relate to the above plant functional
traits. For example, one of “Corner’s rules” describes a ten-
dency for species with thick twigs to have large appendages
(leaves and fruit). The range of viable seed size also tends to
increase with plant height (Moles et al., 2005; Grubb et al.,
2005). Forests on the more fertile soils of western Amazo-
nia tend to have smaller average seed masses than their less
fertile counterparts on the Guyana Shield and elsewhere (ter
Steege et al., 2006), this perhaps being related to several ad-
vantages attributable to large seeded species under nutrient-
poor conditions, viz. greater initial nutrient stores, greater
initial root zone expansion, and increased mychorrizal infec-
tion, all of which would be expected to increase the proba-
bility of seedling survival (Foster, 1986).
This paper presents new data on leaf and leaflet size and
8LS for 661 species located in 52 plots across the Amazon
Basin. The trees sampled form a subset of those also ex-
amined for variations in branch xylem density (Patin˜o et al.,
2009), and for foliar nutrients, MA and δ13C (Fyllas et al.,
2009), which had previously been analysed separately. We
here investigate the inter-relationships between these struc-
tural and physiological parameters also considering taxo-
nomic variations in Hmax (Baker et al., 2009) and seed mass
(ter Steege and Hammond, 2001; ter Steege et al., 2006).
Specifically, we were interested to assess the degree to which
the observed variations in the studied structural and physio-
logical traits were coordinated with each other into identi-
fiable integrated trait dimensions: for example, those asso-
ciated with leaf construction costs, light acquisition, and/or
shade tolerance.
2 Materials and methods
2.1 Study sites
In the analysis here, RAINFOR sample plots have been ag-
gregated as discussed in Fyllas et al. (2009), with further
plot details available in Patin˜o et al. (2009) and Quesada
et al. (2010). Ten plots in Fyllas et al. (2009) have not
been included due to insufficient structural trait data hav-
ing been collected, but the range of soils encountered here
is still substantial with the sum of exchangeable bases (0–
0.3 m), for example ranging from less than 1 mmolc kg−1 to
nearly 100 mmolc kg−1. Total soil phosphorus ranged from
26 mg kg−1 for an ortseinc podzol to 727 mg kg−1 for a eu-
tric cambisol (Quesada et al., 2010). Mean annual precipita-
tion varies from less than 1.5 m a−1 on sites at the north and
southern periphery of the basin to more than 3.0 m a−1 for
sub-montane sites close to the Andes.
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2.2 Structural traits
For most trees sampled in Patin˜o et al. (2009) and Fyllas et
al. (2009), and from the same terminal branches for which
data has already been presented in those studies, all leaves
from the branch had also been counted. From that branch,
a sub-sample of 10–20 leaves was randomly chosen to es-
timate individual leaf area, LA, and leaflet area, `A (when
a species had compound leaves), and to estimate the total
leaf area of the branch. All age and size leaves or leaflets
were selected for this analysis except for very young leaves
or those which were obviously senescent. The chosen leaves
were usually scanned fresh on the same day of collection.
When this was not possible the same day, they were stored
for a maximum of two days in sealed plastic bags to avoid
desiccation and any consequent reduction of the leaf area.
Scans were analysed using “Win Folia Basic 2001a” (Re-
gent Instruments Inc., 4040 rue Blain Quebec, QC., G2B 5C3
Canada) to obtain LA and `A.
The distal (sapwood + pith) and pith diameters for each
branch were also measured with a digital caliper (Mitutoyo
Corporation, Japan) with sapwood area, AS, then estimated
by subtracting pith area from the total branch area with
8LS=nL¯A/AS where n is the number of leaves distal to the
piece of branch sampled and L¯A is the average area of the in-
dividual leaves sub-sampled for the estimation of LA and/or
`A.
Branch xylem density data for the same samples were ob-
tained as described in Patin˜o et al. (2009). In brief, this
consisted of the estimation of the volume of a branch seg-
ment, approximately 1 cm in diameter and 5–10 cm long us-
ing calipers, with the pith removed as necessary and dry
weight subsequently determined. Species maximum height
taken from the database developed by Baker et al. (2009)
with estimates made to the species level for 80% of the trees
identified, and the bulk of the remainder being genus level
averages. Seed mass (S) was taken as a genus level depen-
dent variable and was already on a log10 ordinal scale (ter
Steege et al., 2006).
2.3 Physiological foliar traits
Foliar traits used here are as described/measured in Fyllas et
al. (2009) and Lloyd et al. (2010) and include leaf mass per
unit area (MA) and foliar [N], [C], [P], [Ca], [K] and [Mg] ex-
pressed on dry-weight basis. Foliar 13C/12C discrimination,
1, was estimated from measurements of foliar δ13C (Fyllas
et al., 2009) using an assumed value for the isotopic compo-
sition of source air equal to −8.0 ‰ (Farquhar et al., 1989)
and subsequently transformed to a diffusional limitation in-
dex, , according to (Fyllas et al., 2012)
 = 1 −
√
(1−4.4)/25.6 − 0.2
0.8
(1)
which utilises the well known relationship between 1 and
the ratio of internal to ambient CO2 concentrations, ci/ca
(Farquhar et al., 1989). Equation (1) assumes that at cur-
rent day ca, photosynthesis can be considered a roughly lin-
ear function of ci and with a maximum practical ci/ca (indi-
cating minimal diffusional limitation) of 0.8. Here we have
taken a value of 4.4 ‰ for the fractionation against 13CO2
during diffusion into the leaf and 30.0 ‰ for the fractiona-
tion against 13CO2 during photosynthetic fixation (Farquhar
et al., 1989). Increasing  values are associated with lower
ci/ca, and thus, other things being equal, a higher water use
efficiency, W , this being the ratio of carbon gained to water
lost during photosynthetic CO2 assimilation. Equation (1)
relies on a simplified expression for 1 which ignores dif-
ference between gas- and liquid-phase fractionations within
the leaf (Farquhar et al., 1989), but this should not seriously
compromise its utility in the current context.
2.4 Climate and soils
The soil and climate predictors table used was the same as
in Fyllas et al. (2009), using a set of measured soil prop-
erties (Quesada et al., 2010) with precipitation variables
and temperature from the “WorldClim” dataset (http://www.
worldclim.org). Estimates of mean annual solar radiation are
from New et al. (2002). As in Fyllas et al. (2009) we separate
soils into two fertility classes based on their total phosphorus
concentration and the total sum of reserve bases, (Quesada et
al., 2010). In brief this categorisation gives rise to arenosols,
podzols, ferralsols, and most acrisols being classified as low
fertility soils. High fertility soils include plinthosols, cam-
bisols, fluvisols, gleysols and most alisols.
2.5 Statistical analysis
This paper implements a similar set of statistical analyses to
that described in detail in Fyllas et al. (2009). Preliminary
tests included analysis of normality (Shapiro-Wilk) and ho-
mogeneity of variance (Fligner-Killeen) for each of the struc-
tural traits of interest. The foliar related structural traits (LA,
`A and 8LS) presented a right skewed distribution and thus
were all log10 transformed. As ρx, Hmax and S (the latter
already provided as size classes on a log10 scale) were more
or less symmetrically distributed around their mean we did
not apply this transformation for these variables, even though
the Shapiro test failed to identify strict normality. The non-
parametric Kruskal-Wallis test (Hollander and Wolfe, 1999)
was used to explore for differences between fertility groups
as well as for differences between families, genera within a
family and species within a genus. All analyses were per-
formed with the R statistical platform (R Development Core
Team, 2010).
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2.5.1 Partitioning of variance and estimation of
taxonomic and environmental effects
A multilevel model was initially fitted for all traits (including
those previously analysed separately in Fyllas et al. (2009)
and Patin˜o et al. (2009) because this was a slightly different
dataset), except Hmax and S according to
2 = µ+p+f/g/s+, (2)
where µ is the overall mean value of each trait, 2; p is the
plot effect, i.e. the effect of the location that each individual
is found, and f/g/s represents the genetic structure of the data,
i.e. that each individual belongs to a species (s), nested in a
genus (g), nested in a family (f ), and  is the error term.
All parameters were estimated by the Residual Maximum
Likelihood (REML) method with the lme4 library avail-
able within R (Bates and Sarkor, 2007). Fyllas et al. (2009)
have already discussed further details of the above formula-
tions and the advantage in being able to partition the variance
from the family to the species level, also taking into account
the location (thus the environmental contribution to trait vari-
ation) where the trait was measured. The Supplementary In-
formation (II) of that paper also provides an empirical vali-
dation of the approach used. Note, that whilst theoretically
possible, we do not include interaction terms in Eq. (2), this
is because there is insufficient species replication across dif-
ferent sites. Nevertheless, investigations into the likely mag-
nitude of such effects have been undertaken as part of the
analyses in both Patin˜o et al. (2009) and Fyllas et al. (2009)
and have not been found to be significant. Again we were in-
terested in exploring the taxonomic (estimated as the sum of
family± genus± species random effects) and environmental
terms, using bivariate relationships as well as multiple non-
parametric regressions of plot effect contributions on a set of
environmental predictors. For the latter we used Kendall’s τ
as our measure of association calculating the significance of
partial correlations using our own specifically written code,
using the R statistical platform.
For Hmax and S no multilevel model was fitted or environ-
mental effect assumed, the available data being considered
to express directly the genetic potential of each species. We
also note that our estimates of S are resolved at the genus
level only (ter Steege and Hammond, 2001) and are only on
a log10 categorical scale. This introduces potential errors into
the analyses where S is involved because all other traits have
been resolved at the species level. Thus, even though a small
portion of the observed variation in S generally occurs at the
species level (Casper et al., 1992), bivariate and multivari-
ate analyses involving this trait as presented here may carry
somewhat more “noise” than would otherwise be the case.
2.5.2 Bivariate relationships
Relationships were initially assessed with the Pearson’s cor-
relation coefficient (r) with subsequent Standardized Ma-
jor Axis (SMA) line fits where significant correlations were
identified. In this study, SMA line fits are applied to the
raw dataset (including all measured traits and thus intraspe-
cific variation), to the taxonomic component of trait variation
(i.e. each species is represented by a single data point) as well
as to the plot level effects (i.e. each plot is contributing a sin-
gle data point). In each case we initially fitted separate lines
for each fertility group, and when a common SMA slope was
identified we tested for differences in elevation and/or slope
between fertility groups, using the smartr library avail-
able within R (Warton et al., 2006).
We explored the plot level effect of each structural trait,
through non-parametric correlation analysis on selected soil
and environmental predictors, with the soil variables reduced
to three principal axes to avoid multicollinearity (Fyllas et
al., 2009). The climatic variables of mean annual tempera-
ture, total annual precipitation, dry season precipitation and
mean annual radiation were also examined. As extensively
discussed in Fyllas et al. (2009) we dealt with spatial auto-
correlation issues by fitting appropriate simultaneous autore-
gressive models (SAR) which include a spatial error term
(Lichstein et al., 2002) to help interpret the significance of
full and partial Kendall’s τ coefficients as a measure of as-
sociation between plot-level trait effects and environmental
predictors.
2.5.3 Multivariate analyses
Inferred taxonomic effects were analysed jointly for species
found on fertile versus infertile soils (excluding those
found on both soil types) by calculating separate variance–
covariance matrices for the two species groups and then
using the common principal components (CPC) model of
Flury (1988) as implemented by Phillips and Arnold (1999).
Within this model, it is assumed that the two populations of
species have the same eigenvectors (principal components;
denoted here as U ) but that the relative loading of the var-
ious U as expressed through their eigenvalues (λ) may po-
tentially vary between the two populations. Flury’s model
provides a hierarchy of tests corresponding to a range of pos-
sible relationships between matrices including equality, pro-
portionality, common principal components, partial common
principal components or unrelated (Flury, 1988; Phillips and
Arnold, 1999). CPC can thus be seen as a method for sum-
marizing the variation in two or more matrices. Nevertheless,
caution needs to be applied when using CPC to address the
more complex goal of diagnosing and understanding the na-
ture of the changes that underlie the difference between the
matrices. This is because CPC tends to spread any differ-
ences over many of the vectors it extracts and often over all
of them (Houle et al., 2002).
As the CPC model does not strictly apply to correlation
matrices (Flury, 1988), we standardised each variable before
calculating the input variance–covariance matrix by dividing
each variable by its observed range (across both high and
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Fig. 1. Probability density histograms of raw data per fertility group
for leaf area (LA; m2), leaflet area (`A; m2), leaf mass per unit area
(MA; gm−2), (m2), leaf area:sapwood area ratio (ΦLS; cm2m−2),
branch xylem density (ρx; kg m−3),  = stomatal limitation index
(dimensionless; see Eq. 1), species maximum height (Hmax; m) and
seed mass (S; g). Open red bars represent low and blue dashed bars
high soil fertility plots, as defined by the quantitative determinations
of the level of total reserve bases from 0.0–0.3 m depth (Fyllas et
al., 2009; Quesada et al., 2010). Also given for each histogram are
the mean and the variance for each trait. Significant differences in
mean values and/or variances between the two fertility groups were
identified with Fligner-Killeen test respectively. Significance codes:
*** < 0.001, ** < 0.01,* < 0.05.
Fig. 1. Probability density histograms of raw data per fertility group for leaf area (LA; m2), leaflet area (`A; m2), leaf mass per unit area
(MA; g m−2), (m2), leaf area:sapwood area ratio (8LS; cm2 m−2), branch xylem density (ρx; kg m−3),  = stomatal limitation index
(dimensionless; see Eq. 1), species maximum height (Hmax; m) and seed mass (S; g). Open red bars represent low and blue dashed bars high
soil fertility plots, as defined by the quantitative determinations of the level of total reserve bases from 0.0–0.3 m depth (Fyllas et al., 2009;
Quesada et al., 2010). Also given for each histogram are the mean and the variance for each trait. Significant differences in mean values
and/or variances between the two fertility groups were identified with the Fligner-Killeen test respectively. Significance codes: *** < 0.001,
** < 0.01,* < 0.05.
low fertility soils) as first proposed by Gow r (1966) but, due
to the presence of the occasional outlier, taking the effective
range as the 0.1 to 0.9 quantiles. Standard errors of theU and
λ for the CPC models were estimated assuming asymptotic
normality as described in Flury (1988).
All other multivariate analyses (e.g. PCA of the derived
environmental effects) were implemented with the ade4
package (Thioulouse et al., 1997) available within the R sta-
tistical platform with the environmental effect PCA under-
taken on the correlation matrix.
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3 Results
3.1 Trait distribution in relation to soil type
The structural traits distributions along with those for MA
and  for the complete dataset divided to low and high fer-
tility groups are shown in Fig. 1 with overall mean values,
range and variances for each plot for all traits also provided
in the Supplementary Information (Table S1). The three leaf
related traits introduced here (LA, `A and 8LS) did not differ
significantly between low and high fertility sites (Fig. 1). On
the other hand, ρx and S showed significant differences be-
tween the two fertility groups, with their distributions shifted
to the left for fertile sites, i.e. higher ρx and S were found for
species found on infertile soils. This is similar to the shifted
distributions identified for most leaf mineral concentrations
across fertility gradients (Fyllas et al., 2009) but in the op-
posite direction, i.e. with higher structural carbon and lower
mineral investment in less fertile environments. As expected
from our prior analysis of the statistical distribution of foliar
δ13C (Fyllas et al., 2009), the diffusional limitation index of
Eq. 1  tended to be lower for trees growing on low fertil-
ity soils. Despite a difference in variance between low and
high fertility sites, there was, however, no overall effect of
soil fertility classification on the average Hmax.
3.2 Partitioning of the variance
The variation apportioned to different taxonomic levels
varies for each of the traits examined (Fig. 2). When leaf size
was expressed per leaflet, most of the variation was attributed
at the species level (0.31) with the overall taxonomic compo-
nent (i.e. family± genus± species) adding up to a very high
(0.62) proportion. When leaf size was expressed at the leaf
level, most of the variation was attributed at the family level
(0.29) with a very high overall taxonomic component (0.71).
In contrast to LA and `A, plot level contributions to the total
variance were substantial for the other structural traits: being
around 0.30 for ρx and 0.27 for 8LS. These are not necessar-
ily higher than their respective taxonomic components, but
underline the importance of the site growing conditions in in-
fluencing structural traits such as ρx and 8LS. As for the fo-
liar traits reported in Fyllas et al. (2009) this must have direct
implications for different physiological processes. In that
study, leaf mass per unit area and [C], [N] and [Mg] emerged
as highly constrained by the taxonomic affiliation, but with
others, such as [P], [K] and [Ca] also strongly influenced by
site growing conditions. That study also found foliar δ13C to
be strongly influenced by site growing conditions, consistent
with its analogue here () having its environmental compo-
nent as the dominant source for its variation. Overall, there
was a tendency for the residual component (related to intra-
species variations not accountable for by different plot loca-
tions and experimental error) to increase as the proportion of
variation accountable for by taxonomic affiliation declined
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Fig. 2. Partitioning of the total variance for each structural property
into taxonomic (family/genus/species), environmental (plot) and an
error (residual) components. Foliar properties are sorted from less
to more taxonomically constrained. Significance of each variance
component was tested with a likelihood ratio test (Galwey, 2006).
Significance codes: *** < 0.001, ** < 0.01,* < 0.05.
Fig. 2. Partitioning of the total variance for each studied property
into taxonomic (family/genus/species), environmental (plot) and er-
ror (residual) components. Traits are sorted from less to more tax-
onomically constrained. Significance of each variance component
was tested with a likelihood ratio test (Galwey, 2006). Significance
codes: *** < 0.001, ** < 0.01,* < 0.05.
and with the proportion attributable to plot location tending
to increase as the residual component became larger.
3.3 Bivariate relationships: raw data
These are not considered in any detail here, but for the inter-
ested reader data are summarised in the Supplementary In-
formation, Table S2A.
3.4 Bivariate relationships: taxonomic components
Considering data from both low and high fertility sites to-
gether, Table 1 lists correlations and SMA slopes for the
derived taxonomic components with this same information
shown in more detail (including confidence intervals) in the
Supplementary Information (Table S2A) and with low and
high fertility species separated for OLS and SMA regression
analyses in Table S2B. Within Table 1, the SMA slopes re-
flect the relationship y↔ x, with the x as the column head-
ers and the y being the row labels. Figures 3 through 6 il-
lustrate the more important relationships involving the sam-
pled structural traits. Due to considerations associated with
multiple testing, we focus only on relationships significant
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Table 1. Relationships between the derived genetic components of the observed plant traits: MA = leaf mass per unit area (gm−2); elemental
concentrations are on a dry weight basis (mg g−1), LA = leaf area (m2), `A = leaflet area (m2), 8LS = leaf area:sapwood area ratio
(cm2 g−1), ρx = branch xylem density (kg m−3),  = stomatal limitation index (see Eq. 1), S = seed mass (g), Hmax = species maximum
height (m). Values above the diagonal represent the slope of the relationship (y axis as columns labels, x axis as row labels). Values below
the diagonal represent the correlation coefficient. Values significant at P < 0.05 are given in bold. NS = no slope estimated as the relationship
was not significant.
Variable MA [C] log[N] log[P] log[Ca] log[K] log[Mg] log(LA) log(`A) log(8LS) ρx  log(S) Hmax
log(MA) − 0.37 −1.01 −1.21 NS −1.65 −2.18 NS 4.32 −1.27 0.88 NS 19.2 167
[C] 0.15 − NS NS −6.28 −4.43 −5.85 17.30 NS NS NS NS 51.4 NS
log[N] −0.43 0.07 − 1.20 NS 1.63 NS 6.36 −4.18 1.22 NS 0.22 −18.6 NS
log[P] −0.41 -0.02 0.66 − 1.93 1.36 1.79 5.37 NS 1.03 −0.72 0.19 NS NS
log[Ca] −0.07 −0.51 0.02 0.14 − 0.7 0.93 NS NS NS −0.37 0.10 −8.3 NS
log[K] −0.28 −0.45 0.18 0.46 0.46 − 1.32 NS 2.60 NS −0.52 NS −11.4 NS
log[Mg] −0.14 −0.45 0.05 0.18 0.65 0.59 − −2.98 1.97 NS −0.40 0.10 −8.8 NS
log(LA) −0.09 0.14 0.27 0.37 −0.03 −0.01 −0.14 − 0.65 0.19 −0.13 0.04 NS NS
log(`A) 0.17 −0.08 −0.11 0.04 0.07 0.18 0.15 0.41 − NS −0.2 NS NS NS
log(8LS) −0.24 0.06 0.20 0.14 0.00 0.04 −0.09 0.26 0.01 − NS NS NS NS
ρx 0.13 0.07 −0.08 −0.20 −0.21 −0.24 −0.12 −0.10 −0.22 0.07 − NS 21.6 NS
 0.09 0.03 0.23 0.27 0.12 0.06 0.09 0.12 −0.08 −0.08 −0.09 − −81.8 731
log(S) 0.12 0.18 −0.16 −0.08 −0.34 −0.23 −0.25 0.02 0.00 −0.10 0.25 −0.20 − 8.8
Hmax 0.17 0.04 −0.03 0.00 −0.06 −0.02 −0.08 −0.02 0.00 −0.07 −0.03 0.11 0.14 −
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Fig. 3. Standard Major Axis (SMA) regressions lines between
species maximum height (Hmax) and the derived taxonomic com-
ponents of leaf mass per unit area (MA) for the same species and
the associated average seed mass (S) for the associated genus. Red
open circles indicate species found on low fertility sites and the blue
open circles indicate species found on high fertility sites. Species
found on both soil fertility groups are indicated with closed circles
(see text for details). Red solid lines show the SMA model fit which
is significantly different to the blue solid lines for high fertility soil
species.
Fig. 3. Standard Major Axis (SMA) regression lines between species maximum height (Hmax) and the derived taxonomic components of
leaf mass per unit area (MA) for the same species and the associated average seed mass (S) for the associated genus. Red open circles
indicate species found on low fertility sites and the blue open circles indicate species found on high fertility sites. Species found on both soil
fertility groups are indicated with closed circles (see text for details). Red solid lines show the SMA model fit for low fertility species which
is significantly different to the blue solid lines for high fertility soil species.
at p ≤ 0.001 though, where interesting and/or informative,
statistically less significant relationships are also considered.
3.4.1 Maximum tree height
Generally only poor correlations were observed for Hmax,
these being significant only for log10(MA) (p ≤ 0.001) and
log10(S) (p ≤ 0.01). The MA↔ Hmax and S↔ Hmax rela-
tionships are shown in Fig. 3. Here, due to differences in the
SMA slope and/or intercept between the species associated
with the two soil fertility classes (see Supplementary Infor-
mation, Table S2B) we have fitted separate lines for species
found on low and high fertility soils. This shows that for
species associated with low fertility soils, both MA and S
tend t be slig tly higher at a given Hmax than their higher
fertility counterparts. Especially for S↔ Hmax the varia-
tion is considerable, particularly at low Hmax, with S varying
three orders of magnitude for Hmax between 10 and 30 m.
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Fig. 4. Standard Major Axis (SMA) regressions lines between the
derived species components of branch xylem density (ρx) and those
for mass per unit area (MA), foliar [P] and foliar [K] for the same
species and the average seed mass (S) for the associated genus. Red
open circles indicate species found on low fertility sites and the blue
open circles indicate species found on high fertility sites. Species
found on both soil fertility groups are indicated with closed circles
(see text for details). The black solid lines show the SMA model fit
which did not depend on soil fertility.
Fig. 4. Standard Major Axis (SMA) regression lines between the derived species components of branch xylem density (ρx) and those for
mass per unit area (MA), foliar [P] and foliar [K] for the same species and the average seed mass (S) for the associated genus. Red open
circles indicate species found on low fertility sites and the blue open circles indicate species found on high fertility sites. Species found on
both soil fertility groups are indicated with closed circles (see text for details). The black solid lines show the SMA model fit which did not
depend on soil fertility.
3.4.2 Branch xylem density
As detailed in Table 1, the derived taxonomic component
of ρx was negatively correlated with log10[P], log10[Ca],
log10 [K], log10(`A) and positively associated with log10(S)
(p ≤ 0.001). A weaker but significant positive correlation
was also observed w th log10(MA) and a negative correlation
with log10[Mg] (p≤ 0.01). Of minor significance was a neg-
ative association with log10(LA) (p≤ 0.05). Some of these
relationships are illustrated in Fig. 4 which shows the rela-
tionships between ρx and both [P] and [K] to be particularly
ompelling and, as is also the case for MA and S, wi h no dif-
ference for species associated with low versus high fertility
soils.
3.4.3 Leaf area: sapwood area ratio
Reasonably strong correlations were found for log10(8LS)
with log10(MA), log10[N] and log10(LA) (p ≤ 0.001) with
the relationship between log10(8LS) and log10[P] also sig-
nificant (p≤ 0.01). The relevant biplots are shown in Fig. 5.
Th slope for the taxonomic component MA↔8LS relation-
ship is 1/−1.27 = −0.79. Thus, as 8LS increases across
species, then MA declines proportionally less. That is to
say, species with a higher 8LS also tend to carry a greater
weight of (generally larger) leaves per unit stem area with
those leaves also tending to have higher foliar [N] and [P].
Biogeosciences, 9, 775–801, 2012 www.biogeosciences.net/9/775/2012/
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Fig. 5. Standard Major Axis (SMA) regressions lines between the
derived species components of leaf area/sapwood area ratio (ΦLS)
and those for mass per unit area MA, foliar [N], foliar [P] and aver-
age leaf size for the same species.Red open circles indicate species
found on low fertility sites and the blue open circles indicate species
found on high fertility sites. Species found on both soil fertility
groups are indicated with closed circles (see text for details). Solid
lines show the SMA model fit which did not depend on soil fertility.
Fig. 5. Standard Major Axis (SMA) regression lines between the derived species components of leaf area/sapwood area ratio (8LS) and
those for mass per unit area MA, foliar [N], foliar [P] and average leaf size for the same species.Red open circles indicate species found
on low fertility sites and the blue open circles indicate species found on high fertility sites. Species found on both soil fertility groups are
indicated with closed circles (see text for details). Solid lines show the SMA model fit which did not depend on soil fertility.
3.4.4 Leaf nutrients and other structural traits
Strong positive correlations (p≤ 0.001) were also observed
for log10(LA) with log10[N] and log10[P] as well as between
log10[Ca] and S. Interestingly, both the slope and intercept
of these relationships are dependent on the soil fertility with
which a species is associated (Supplementary Information
Table S2B). Species found on low fertility soils tend to have
a higher LA at any given foliar [N] and/or [P].
For the [Ca] ↔ S pairing t e negative slope is also larg
(−8.3), though in this case with no soil fertility effect de-
tected. Though not shown in Fig. 6, also of note is the posi-
tive [C]↔ S relationship (p≤ 0.001) with species with a low
seed mass also tending to have a low foliar carbon content.
3.5 Common Principal Component modelling
(taxonomic components)
Results from the CPC modelling are shown in Table 2, with
the full model output, details of the rationale for eigenvec-
tor inclusion and assessments of the overall model fit given
in the Supplementary Information Tables S3, S4 and S5 and
their accompanying captions. The five eigenvectors selected
are listed in Table 2 in order of their importance, as derived
from the characteristic roots (eigenvectors, λ). These results
can be interpreted as in the case of an ordinary principal com-
ponents analysis, the difference here being that the relative
weightings (λ) have been allowed to differ for species on
high vs. low fertility soils.
The first eigenvector, U1, had somewhat higher λ for high
vs. low fertility associated species (accounting for 0.24 and
0.27 of the dataset variance respectively) and with high pos-
itive coefficients for all three foliar cations and to a lesser
www.biogeosciences.net/9/775/2012/ Biogeosciences, 9, 775–801, 2012
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Table 2. Common principal component analysis of derived genetic effects for species associated with low and high fertility soils. Values in
brackets represent standard errors for each component. Coefficients given in bold are either those whose absolute values are 0.50 or more,
or 0.30 or more with a standard error of less than 0.1. MA = leaf mass per unit area; elemental concentrations are on a dry weight basis,
LA = leaf area; 8LS = leaf area:sapwood area ratio, ρx = branch xylem density,  = diffusion limitation index (see Eq. 1), S = seed mass,
Hmax = species maximum height.
Variable Component
U1 U2 U3 U4 U5
log(MA) −0.22(0.05) −0.23 (0.06) 0.44 (0.07) −0.22 (0.11) 0.35 (0.09)
[C] −0.35 (0.05) 0.24 (0.07) 0.01 (0.07) 0.06 (0.12) 0.34 (0.09)
log[N] 0.15 (0.10) 0.53 (0.04) −0.02 (0.09) 0.22 (0.09) −0.03 (0.08)
log[P] 0.25 (0.08) 0.45 (0.05) 0.12 (0.09) 0.31 (0.05) 0.08 (0.06)
log[Ca] 0.42 (0.03) −0.13 (0.08) 0.15 (0.09) −0.31 (0.06) 0.00 (0.08)
log[K] 0.48 (0.02) −0.01 (0.09) 0.00 (0.08) 0.16 (0.09) 0.05 (0.11)
log[Mg] 0.49 (0.04) −0.21 (0.09) 0.07 (0.06) 0.06 (0.07) 0.19 (0.07)
log(LA) −0.01 (0.09) 0.48 (0.05) 0.25 (0.13) −0.35 (0.16) −0.16 (0.10)
log(8LS) −0.01 (0.07) 0.29 (0.06) −0.44 (0.11) −0.53 (0.16) 0.18 (0.11)
ρx −0.14 (0.03) −0.03 (0.05) −0.22 (0.10) 0.12 (0.21) 0.26 (0.11)
 0.10 (0.04) 0.14 (0.05) 0.39 (0.09) −0.10 (0.13) 0.60 (0.08)
log(S) −0.23 (0.03) 0.01 (0.06) 0.19 (0.10) 0.48 (0.10) 0.59 (0.08)
Hmax −0.10 (0.04) 0.07 (0.06) 0.53 (0.10) −0.13 (0.22) −0.47 (0.09)
Characteristic roots
λlow,j 1876 (259) 1472 (203) 641(89) 717 (99) 698 ( 96)
λhigh,j 2341 (237) 1641 (166) 898 (91) 564 (57) 318 ( 32)
Table 3. Bivariate relationships for the derived environmental component of the observed plant traits.Values above the diagonal represent the
slope of the relationship (y axis as columns labels, x axis as row labels). Values below the diagonal represent the correlation coefficient. Values
significant at P < 0.05 are given in bold. NS = no slope estimated as the relationship was not significant. For units and symbols, see Table 1.
Variable log(MA) [C] log[N] log[P] log[Ca] log[K] log[Mg] log(LA) log(`A) log(8LS) ρx 
log(MA) − 0.31 −1.06 NS −4.97 NS −1.32 NS NS −3.49 NS 0.57
[C] 0.63 − −3.38 NS −15.86 NS −4.22 NS NS NS 4.10 1.82
log[N] −0.52 −0.30 − 2.69 4.68 NS 1.25 NS NS 3.06 NS NS
log[P] −0.04 −0.09 0.48 − 1.74 1.53 NS NS NS NS −0.45 0.20
log[Ca] −0.28 −0.54 0.28 0.50 − 0.88 0.27 NS NS NS −0.26 NS
log[K] −0.01 −0.13 0.23 0.74 0.49 − NS NS NS NS −0.30 0.13
log[Mg] −0.54 −0.72 0.28 0.04 0.50 0.05 − NS NS NS NS NS
log(LA) 0.08 −0.06 −0.09 −0.03 0.11 0.21 0.07 − 0.85 NS NS NS
log(`A) 0.07 −0.20 −0.16 −0.11 0.09 0.20 0.15 0.90 − NS −0.79 −0.35
log(8LS) −0.29 −0.25 0.36 −0.07 −0.02 −0.21 0.10 0.07 0.08 − NS NS
ρx 0.08 0.27 −0.22 −0.64 −0.46 −0.82 −0.06 −0.25 −0.31 0.17 − NS
 0.32 0.27 0.24 0.49 0.25 0.31 −0.22 −0.14 −0.28 −0.09 −0.18 −
extent foliar [P], and negative coefficients for foliar [C] with
smaller but still significant coefficients for MA and S. In
terms of cations, carbon and MA, this first component seems
similar to that first described by Poorter and de Jong (1999)
and thus we dub it the Poorter-De Jong (PDJ) dimension,
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PDJ.
The second component, U2, accounts for an additional
0.18 and 0.19 of the dataset variances for low and high fertil-
ity species respectively, and is characterised by high positive
coefficients for foliar [N] and [P] as well as LA and, to a
lesser extent, 8LS. Also notable are modestly negative co-
efficients for MA and foliar [Mg]. In terms of [N], [P] and
MA,U2, seems to reflect some components of what is consid-
ered the classic leaf economic spectrum (Reich et al., 1997;
Wright et al., 2004). We thus label this the Reich-Wright di-
mension,
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does not seem to h ve been r cognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occur ing in ( PDJ ∩ RW) and of the
sam sign is [C], but with [P] and [Mg] varyi in opposite
directions with respect t MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative t MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component a alysis of environmental ef-
fects
Especially given the strong relationships betw en ρx and the
foliar cation environmental compon nt (Fig.8) , it was of
addit nal interest o see if coordin ted structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
eff cts correl tion matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW, of tropical tree functional trait coordination.
Although Hmax would seem to have little influence on ei-
ther
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvect r selected, all of which we be-
lieve to be physiologically releva t (see Supplementary In-
formation), accounted for 0.68 of th total variance for both
low an high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ nd RW.
Figure 7 shows the major c mpo ents of the three major
CPCs and their overlap of traits n diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW d in same direct on rela-
tive to MAis ΦLS. Although with a estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relation hip y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most signific nt relati hips are all negative appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
howev r, much less han for the associated slopes for the tax-
onomic components as l sted in Table 1 (−0.37 to −0.72).
3.7 Principal comp ent analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increa ing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PDJ or
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does n t seem to have been recognised before. It is thus here
denoted as PFL.
Overall th five eigenvectors se e ted, all of which we be-
lieve to be physiologically rel vant (s e Supplementary In-
formatio ), accounted for 0.68 of the total va iance for both
low and high fertility soil species.
The first thre axes species scores (normalised to ± 100)
are plotted gainst each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations betwe n the species scores as expect d for the
utput from any good fit of a principle comp n nts model.
Clearly a wide range of c mbinations of these hree trait di-
me sions can occur. But with Fig. 8a also s owing that it is
(gen rally speaking) only s e ies typically associated with
high fertility soils that h ve scores for both PDJ and RW.
Figure 7 shows the ajor componen s of the th ee major
CPCs and their overlap f tr its in diagram atic form. This
illustrates that many traits s em to be “shared”, especially
MA which is an important f ctor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [M ] varying in opposite
directions wi h respect to MA for these two tra t dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Althoug with a hig e imate standard
error as part of FW, we have also included LA in ( RW ∩
FW), t is also s owing that it varies in th opposite direc-
tion relative to MA and ΦLS for R cf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and h gh fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
deta l (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the r lationship y↔x, with the x as the column headers
and th y being the row labels. For th s uctural traits, the
most sig ifica t relationships are all negative nd appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slop s obs rved ( 0.26 to −0.41) are,
however, much less than f r the as ociated slopes for the tax-
n mic components as listed in Table 1 ( 0.37 to −0.72).
3.7 Princi al component analys s of environmental ef-
fects
Especially give the strong relationships between ρx and the
f liar cation environmental components (Fig.8) , it was of
additional inter st to see if coordina ed structural/leaf bio-
chemical respons s to the environment exist f r Amazon for-
est. We therefore undertook a PCA analysis of the full plot
eff cts correlat on matrix (excluding Hmax and S both of
whi h were consid red to be environmentally invariant or
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
cou d b explained by the first PCA ax s (ů1) with ρx an im-
portant contributor nd this also rela ng positively to foliar
[C] andMA, but negative y w th all foliar nutrients examined
and also with . The sec nd axis of the PCA n the plot ef-
f cts correlation matrix (ů2) is also significa t, accounting
for 0.25 of th variance, with substantial negative weightings
r MA, foliar [C] and  (and to a l sser extent foliar [P])
being balanced by positive weightings for fol ar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significa t relationships between the PCA site axis
scores of Table 4, and previo sly calcul ted soil nd climate
characteristics of the ame sites are shown in Fig. 9. First, the
t p panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latt considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong int grated response
f Amazon tropical forest trees to soil fertility, with most nu-
tri nts increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ f r this plot of ů1
versus F of 0.63 is greater than or any of the original vari-
ables examined by Fyllas et al. (2009), the hig est of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 co tains significant weightings of leaf-
lev l variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. p sitive correla-
tions with foliar [C] MA and a negative correlation with
foliar [Mg]. It is therefo e not surpr ing, as is shown in the
second panel of Fig. 9, that ů2 and PA also show trong asso-
ciation, but with examination of Table 4 al o suggesting that
for any given species, both ΦLS and ρw also decline with
i creasing precipitation and, some hat co nter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendal ’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of he effect of each
soil/environmental parameter after accounting for the ef-
f ct of the other four. Taking into account to the potential
confounding effects of spatial au ocorrelation (Fyllas et al.,
2009) we only cons der relationships with p≤ 0.01 or better.
As for th (fu ) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the indiv dual variables,
the only exception bei g Ta. In that case, [N], [K] and ρw
all sh w relationship ot pr sent when regr ssing the plot
effect PCs as dependent variables.
RW it emerges as the dominant term for U3
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Fig. 6. Standard Major Axis (SMA) regressions lines between derived taxonomic
components of foliar [N] and foliar [P] and leaf mass per unit area (LA) for the top
two panels and between species estimated foliar [Ca] associated average seed mass
(S) for the associated genus. Open circles indicate species found on low fertility sites
and the closed circles indicate species found on high fertility sites. Species found on
both soil fertility groups are designated by a ”+” (see text for details). For the top two
panels, solid lines show the SMA fit for low fertility soil species which are significantly
different to the dashed lines for high fertility soil species. For the bottom panel the solid
lines shows the SMA model fit which did not depend on soil fertility.
Fig. 6. Standard Major Axis (SMA) regression lines between de-
rived taxonomic components of foliar [N] and foliar [P] and leaf
mass per unit area (LA) for the top two panels and between species
estimated foliar [Ca] associated average seed mass (S) for the as-
sociated genus (bottom panel). Open circles indicate species found
on low fertility sites and the closed circles indicate species found
on high fertility sites. Species found on both soil fertility groups
are designated by a “+” (see text for details). For the top two pan-
els, solid lines show the SMA fit for low fertility soil species which
are significantly d ffer nt to the dashed lines for high rtility soil
species. For the bottom panel the solid lines shows the SMA model
fit which did not depend on soil fertility.
along with MA and, of opposite sign, 8LS. Also of note here
is the relatively high value for the coefficient of the diffusion
limitation index,  which is positively associated with both
Hmax and MA. Interestingly, for this component LA varies
in the opposite direction to 8LS (albeit with a large stan-
dard error) suggesting that there is a tendency towards con-
siderably fewer but also significantly larger leaves in taller
statured species. There also being a modest but significant
negative contribution of ρx to this dimension. We consider
U3, which on its own accounts for 0.08 and 0.10 of the vari-
ation in the dataset respectively, to contain several features
similar to those described by Falster and Westoby (2005) for
climax tropical forest in Australia, and it is thus denoted as
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Informatio
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the hree major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
FW.
The fourth component axis is dominated by S and 8LS
with these coefficients of different sign. Associated with the
higher S are also lower [Ca] but higher foliar [P] and LA.
With lower values for their coefficients and higher standard
errors, also being of different sign, are the MA and [N] terms.
As mentioned in the Discussion, U4 (accounting for 0.09
and 0.07 of the population variance for low and high fertility
speci s respectively) seems to be dominated by the presence
of large seeded members of the Leguminaceae whose impor-
tance in the phytogeography of Amazon forest has already
been recognised by ter Steege et al. (2006). We therefore
denote this dimension as
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does not seem t have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selec ed, all of which we be-
lieve to be physiologically relevant (see Sup lementary In-
formation), accounted for 0.68 of th total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each ot r in Supple entary Informati n
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have cores for both PDJ and RW.
Figure 7 shows the major components of the thre major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits s em to be “shared”, specially
MA which is an important factor for all thr e of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in e opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the r lationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most sig ificant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, m ch less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cati n environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
a d also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balan ed by positive weightings for foliar [Mg] in par-
ticular, but als with contribu i s from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
TS.
The last eigenvector included in our analysis, U5, differs
from t others in having a substanti lly greater importance
for low fertility versus high fertility species (accounti for
0.09 and 0.04 of the population variances respectively). This
component is char cterised by Hmax a d MA having oppo-
site signs (in contrast to
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvec ors selected, all of wh ch we be-
lieve to be physiologically elevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes speci s scores ( ormalised to ± 100)
are plotted against each other in Supplementary Information
Fi . S1. Thi s ows the required lack of any systematic
correlations bet een the species scores as expected for the
output from any good fit of a pri ciple components odel.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for bot PDJ and RW.
Figure 7 sh ws the maj r components of the t re major
CPCs and their overla of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high stimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the posite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of he variance, with substan ial negative weightings
for MA, fo ar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 R lationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measur of soil fertility and denoted F. The strong
r lationship observed sugg st a trong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Inter stingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater t an or any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions wit foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
FW) and with hig er S and  also
being associated with a lower Hmax; this also being along
with a less substa tial but significant coefficient for ρx. Also
of influence in characterising U5 are greater foliar [C] asso-
ciated with the higher MA and . Although, U5 presents
some trait combinations as reported previously in the liter-
ature, this component, mostly related with species found at
low fertility soils, does not seem to have been recog ised be-
fore. It is thus here d noted as
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall th five eige vectors selected, ll of whic we be-
lieve to b ph si logically rel vant (s upplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fert lity soil speci s.
The first ree x s sp cies c res (norm lised to ± 100)
ar plotted against each th r in Supplementary Information
Fig. S1. This shows the required lack o any systematic
correlations between th species scores as x ted for the
output from any good fit of a principle components model.
Cle rly a wide r nge of comb ations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows t e major component of the thr e major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that any traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions w th respect to MA for these t o trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showi g that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negativel with all foliar nutrients examined
and also w t . Th s cond axis of the PCA on the plot ef-
fects correlation matrix (ů2) is als significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser ext nt f liar [P])
being balanced by p sitive w ightings for foliar [Mg] in par-
ticul r, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PFL.
Overall the five eigen ectors selected, all of which we be-
lieve to be physiologically relevant (see Suppleme tary In-
formation), accounted for 0.68 of the total v riance for both
low and high fertility soil species.
The first three axes specie scores (normalised to ± 100)
ar plotted against each other in Supplementary Inform tion
Fig. S1. This shows the required lack of ny systematic
correl tions between the species scores a exp cted f r the
output from any good fit of a principle comp ents mod l.
Clearly a wide range of combinations of these three trait di-
mensi ns can occur. Figure 8a also shows that it is (gen rally
speaking) only species typically associated with high fertility
soils that have high scores fo both
S. Patin˜o et l.: Tropical tree trait dimensions 7
does not seem to have be n recognised before. It is thus here
d noted as PFL.
Overall the five eigenvectors s lected, all of which we be-
lieve to be physiol gi lly rel vant (see Supplementary In-
forma ion), accounted for 0.68 f the total variance for both
low and high f rtility soil species.
Th first three axes species scores (n malised to ± 100)
are plotted against each other in Supplementary Informati
Fig. S1. This shows the required lack f any system tic
corr lations between the species scores as xpected for the
output fr any good fit of a p inciple compon nts model.
Clearly a wid range of combinations of th se three trait di-
m nsions can ccur. But with Fig. 8a also showing that it is
(ge erally speaking) only speci s ty ically associated with
high fertility soils that have sc res for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of tra s i diagrammatic form. Th s
illustrates that many traits seem to be “shared”, especially
MA which is an i portant factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also include LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion rela ive to MA an ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) ith the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . Th second axis of the PCA on the plot ef-
fects correlation matrix (ů2) i also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  ( nd to a lesser extent foliar [P])
b ing balanced by positive weighti gs for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and de oted F. The strong
re ationship observed suggests a strong integrated response
of Amazon tropical for st trees to soil e tility, with most nu-
trients inc easing, and with foliar [C] and ρx decreasing as
F increases. In erestingly, the Ke dall’s τ for this plot of ů1
versus F of 0.63 is greater than for any f the original vari-
ab es examined by Fyllas et al. (2009), the highest of which
was 0.56 for folia [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 con ain significant weightings of leaf-
level var ables that, individually, w re all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PDJ and
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does not se m to have been recognised before. It is thus here
denote as PFL.
Ov rall the five eigenvect rs s lected, all of which we be-
lie to be physiologically r levant (see Supplementary I -
forma ion), acc un ed or 0.68 of the total variance for both
l w and high fertility soil s ec es.
The first th e axe sp cies scor s (norm lised to ± 100)
are plot ed ag inst each other in Supplementary I formation
Fig. S1. This shows the required lack of any systematic
corr latio s b tween the sp cie score as expected for the
output fr m y good fit of a principl compon nts model.
Clearly a wide ran e of combinations of these t ree trait di-
mensions can occur. But with Fig. 8a also showing that it is
(g erally peaking) only s ecies typi ally associated with
high fertility soils that have sc res for both PDJ and RW.
Figure 7 shows the major compon ts of the thre major
CPCs and their verlap of t aits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is imp tant fac o for all three of PDJ, RW
and FW. Al o occurring in ( PDJ ∩ RW) nd of the
same sign is [C], but with [P] and [Mg] varying in opposite
dir ctions with respect to MA for hese two trait dim nsions.
Intersecti g RW and FW and in the same direction rela-
tive to M is ΦLS. Alt ough with a high estim ted standard
er r as part of FW, we ha lso included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Biv riate relatio ships: viron ental c mponents
Considering data fr m both low and high f rtility sites to-
gether, Table 3 ists correlations and SMA slop s for the en-
vironmental effect with this i fo mation provid d in more
detail (inclu ing co fidence tervals) in the Supplementary
I formation (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being th row labels. For the structural traits, the
most significant relationships are all eg tiv and appear be-
tween ρx and P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed ( .26 to −0.41) are,
howev r, much less th n for th a sociated slopes for the tax-
onomic components as list d in Table 1 ( .37 to −0.72).
3.7 Principal component analysis of vironmental f-
fects
Especially given the s r g relationships between ρx and the
foliar cation e viron ental components (Fig.8) , it was of
additional int rest t see if coordinated structural/leaf bio-
chemical responses to the e vironment exist for Amazon for-
est. W ther fore undertook PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be e vironmentally invariant or
any given species) with the results shown in able 4. This
shows that 0.33 of the otal variation in h 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
po t n contributor and this also relating p sitively to foliar
[C] andMA, but negatively with all foliar nutrie ts examined
and also with . The secon axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
or 0.25 of the v ria e, wi h subst ntial ne ative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
b ing alanced by positive weightings for foliar [Mg] in par-
icular, b t also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships b tween th PCA site axis
scor s of Table 4, and previously calculated soil and climate
characteristics of th s me sites ar sh wn in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a unction of the first soil PCA
axi of Fyllas et al. (2009) the l tter con idered a strong in-
t grat d measur of s il fertility nd denot d F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical fore t tre s to soil ertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Inte stingly, the Kend l’ τ for this plot of ů1
versus F of 0.63 s greater than for any of the original vari-
ab s exami ed by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains sig fica t weightings of leaf-
level va iables that, individually, were all strongly correlated
wi h mean annual precipitation (PA) iz. positive correla-
ti ns with foliar [C] and MA nd a negative correlation with
foliar [Mg]. It is therefore not surprising, as is s own in the
s c nd panel of Fig. 9, that ů2 and PA als show strong asso-
ciat on, but with examin tion of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitati n and, somewhat count r intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kend l’s partial τ (den ted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here th calc lated value of τp and associ-
ted probability giving an indication of the ffect of each
soil/e vironmental p rameter after acc unting for the ef-
fec of the other four. Taking i o account to the potential
confounding effects of spatial ut corre ation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (fu l) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superi predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relati nships not present whe regressing the plot
effect PCs as dependent variables.
RW.
Figur 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic form. This
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Fig. 7. Euler diagram showing overlaps between the first three dimensions in terms
for the individual measured traits (where significant): blue; positive relationship with
dimension, red; negative relationship with dimension, black; of different sign depend-
ing on the dimension.
Fig. 7. Euler diagram showing overlaps between the first three
dimensions for the individual measured traits (where significant):
blue; positive relationship with dimension, red; negative relation-
ship with dimension, black; of different sign depending on the di-
mension. Abbreviations are as in Table 5, with the three trait di-
mensions as defined in Sect. 3.5
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of
S. Patin˜o et al.: Tropical tree trait dimensions 7
does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PDJ,
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does not seem to have been recognised before. It is thus here
enoted as PFL.
Overall th five igenvectors selected, all of hich we be-
liev to be physiologically relevant (see Supplementary In-
f rmation), accounted for 0.68 of the tot l variance for both
low and high fertility so l pecies.
The first three axes pecies scores (normalised to ± 100)
ar plotted ag inst each other in Suppleme tary Inf rmation
Fig. S1. This shows the required lack of any systematic
correlations betw en the pecies scores as xpected for the
output from any go d fit of a principle components model.
Clearly a wid range of combinations of th se three trait di-
mensions an occur. But with Fig. 8a also showing that it is
(generally speaking) only pecies typically ssocia ed with
high fertility soils that have scores for both PDJ and RW.
Figure 7 s ows the major components of the three major
CPCs and their overlap of traits in diagrammatic form. This
illus rates that m ny traits seem to be “shar d”, especially
MA which is an important actor fo all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
direct ons with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although w th a high estim te standard
erro as part of FW, we have also included LA in ( RW ∩
FW), thi also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivari te relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correl tions and SMA sl pes for the en-
vironmental effects with this inf rmation provided in more
detail ( cluding confidence intervals) in the Supplementary
Inf rmation (Table S2A). As for Tabl 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural raits, the
most signific nt relationships ar ll negative and appear be-
twee ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slop s observed (−0.26 to −0.41) are,
however, much less than for the ssociated sl pes for the tax-
on ic components as listed in Table 1 (−0.37 to −0.72).
3.7 Prin ipal component analysis of environm ntal ef-
fects
Espec ally given the strong relationships betwee ρx and the
fol ar cation environmental components (Fig.8) , it was of
additional in erest to see if coor inated structural/leaf bio-
hemical responses to the environment exist for Amazon for-
es . We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally i variant for
any given pec es) with the results shown in Table 4. This
s ows that 0.33 of the tot l var ation in he 11 tr its examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating posi ively to foliar
[C] andMA, but negatively with ll foliar nutrients examined
and also with . The second axis of the PCA on th plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negat ve weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
eing balanced by posit ve weightings for foliar [Mg] in par-
tic lar, but also wi h contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most signific nt relationships be w en the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteris ics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), he latter considered a strong in-
tegrated measure of soil fertility and enoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical fores trees to soil fertility, with most nu-
trients increasing, and w th foliar [C] and ρx decre ing as
F increas s. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is gre ter th for any f the original vari-
ables examined by Fyllas et al. (2009), t highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also s ows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positiv correla-
tions with foli r [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surpri ing, as is shown in the
second panel of Fig. 9, that ů2 and PA also sh w strong asso-
ciation, but with examination of T ble 4 also sug esting that
for any given pecies, both ΦLS and ρw also decline with
increasing precipit tion and, somewha counter intuitively,
with  increasing.
Finally, as in Fyll s et al. (2009) we show values for
Kend ll’s partial τ ( enoted τp) for all tra ts of interest as
well s ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. H re the calcul ted value of τp and associ-
ated probab lity giving an indication of the effect of each
soil/environment l parameter after accounting for the ef-
fect of the other four. Taking into acc unt to he potential
confounding effects of spa ial autocorrelation (Fyllas et al.,
2009) we ly consider relationships with p≤ 0.01 o better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be su erior predictors tha the individu l variables,
the only except on being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as ependent variables.
RW
and
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplemen ary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic fo m. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same d r c ion rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sit s to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supple entary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural raits, he
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental e -
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it w s of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients ex mined
and also with . The second axis of the PCA on the plo ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being bal nced by positiv we htings for foliar [Mg] n p -
t cular, but also with co tributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA ite axis
scores of Table 4, and previously calculated soil and lim te
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the fir t soil PCA
axis of Fyllas et al. (2009), the latter considered a s rong in-
tegrated measure of soil fertility and d n ted F. The trong
relati ns ip observed sug ests a strong integrated resp se
of Amazon tropical forest trees to soil fertility, w th most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the origin l vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly corr lated
with mean annual precipitation (PA) viz. pos tive correla-
tions with foliar [C] and MA and a negative correl tion with
foliar [Mg]. It is therefore not surprising, as is sh wn in the
second panel of Fig. 9, that ů2 and PA also show str g sso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuit vely,
with  increasing.
Fi ally, as in Fyllas et al. (2009) we show value fo
Ke dall’s parti l τ (denoted τp) for all traits of inter st
well as ů1 and ů2 as functions of F, T, Ta, Pa a d Qa
in Table 5. Here the calculated value of τp and ssoc -
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
f c f the o her four. Taking into accou t o the potential
co founding effects of spa ial au ocorrelation (Fyllas t al.,
2009) we only consider rela ionships w th p≤ 0.01 or b tter.
As for the (full) Kendall’s τ shown in Fig. 9, Tabl 5 sugg sts
the t b superior predictors than individual variables,
the ly ept on be Ta. In tha case, [N], [K] nd ρw
all show r lationships ot present when regressing the plot
effect PCs as dependent variables.
FW. Also occurring in (
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does not em to have been recognised before. It i thus here
denoted as PFL.
Overall the five eig nvectors selected, all of which w b -
liev to be physiologically elevant (see S pplementary In-
formation), accounted for 0.68 of t e total varian e for both
low and high fertility soil species.
The fir t three xes s ecies scor s (normalis d to ± 100)
are plotted against each other in Supplementary Info mation
Fig. S1. This shows the required lack of a y sy tematic
corr lations betw en th species sc res as expected for th
output from any go d fi of a principle c mp nents odel.
Clearly a wide range of co binati ns of these three trait d -
mensions can ccur. But with F g. 8a also showing tha it s
(generally speaking) nly spec es typically associated with
high f rtility soils that have scores for both PDJ and RW.
Figure 7 shows t major components of the three majo
CPCs an their overlap f traits in diagra matic form. Thi
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of t e
same sign is [C], but with [P] and [Mg] varying in oppo ite
directions wi h respect to MA for these two trait dimensi ns.
Intersecting RW and FW and in the same direction rela-
tive to MA s ΦLS. Al hough with a high estimated standard
error a part of FW, we have also included LA in ( RW ∩
FW), this also sh wing that it varies in the opposite direc-
tion elative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relati nships: environmental components
Considering data f om both low and high f rtility si es to-
gether, Table 3 lists correla ons and SMA slope for the en-
v ro ment l effects with this informatio pr vided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2 ). As fo Table 1, the SMA slop s re-
flect the relationship y↔x, with the x as the column headers
and the y being the row l bel . For the s ructural trait , the
most significant r l ionships r a l negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, t a lesser
xtent log10 `A) The slopes observed (−0.26 o −0.41) are,
however, much less than for the associated s op s for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal compon analysis of environmental ef-
fects
Especially given h strong rel tionships between ρx and he
foliar catio environmen al components (Fig.8) , it was of
additional interest to see if coordi ated s ruc ural/l af bio-
chemical responses to he envir nment xist f r Amazon for-
est. We therefore undertook a PCA analysis of the full p ot
effe ts correlation matrix (ex ludi g Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the otal variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contribut r and this also elatin positively to foliar
[C] andMA, but neg tiv ly w th all foliar nutrients examined
and al o with . The second axis f the PCA on the plot ef-
fects correlation ma rix (ů2) is als signific , accounting
for 0.25 of the variance, wit sub tantial negative weightings
for MA, foliar [C] a d  ( nd to a lesser extent foliar [P])
bein bal ced by positive weightings for foliar [Mg] in par-
ticula , but also with contributions from ΦLS and ρx.
3.8 Relationship between plo effect PCAs and
soil/climate
The most significant relationship between th PCA site axis
scores of Table 4, and p eviou ly calculated soil nd climate
charact ristics of the same sites re shown in Fig. 9. First, the
top panel of Fig. 9 show ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the l tter consider d a strong in-
tegrat d m asur of soil fe ti ity and denot d F. The
r lationship observe suggests a strong integrated respons
of Amaz n tropical for s tre s o soil fertility, with most nu-
trients increasing, and with foli [C] and ρx decreasing as
F increases. Interestingly, he Kendall’s τ for this plot of ů1
versus F of 0.63 is g eater th n for any of the original vari-
ables examined by Fyllas et l. (2009), the highest f which
was 0.56 for foliar [P]. Comparis n with Fyllas et al. (2009)
lso hows tha th ů2 contains sign ficant weightings of eaf-
level variables that, individually, were ll strongly correlated
with mean annual precipi a ion (PA) viz. positive correla-
tions with foliar [C] and MA and a nega ive correlatio with
foliar [Mg]. It is ther f re not sur ris ng, as is shown in the
second panel of Fig. 9, hat ů2 and PA also show strong asso-
ciation, but with examin on of Tabl 4 also suggesting that
for any given species, both ΦLS and ρw also ecli e ith
increasing pre ipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (d not d τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
n Table 5. Here th calcul ted v lue of τp and ssoci-
ate probability giving a ndi ation of the ffect of e h
soil/envi onmental parameter a er accounting for the ef-
f ct of the other four. Taking nto a count o the otential
confo nding e fects of spatial uto rrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the t be superior predic ors than the individual variables,
the o ly ex eption being Ta. In hat case, [N], [K] and ρw
all show rel t o ship ot pr sent when regressing the plot
effect PCs as dependent variables.
PDJ ∩
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do s not s em to av be n recognis d before. It is thus re
denoted as PFL.
Overall the fi eig nvectors se ected, al of which we be-
li v to be physiologic lly rel vant (s e Supplemen ary In-
formati n), cc u ted f r 0.68 of the total variance for both
low and high fertility oil sp cies.
T e first three ax pecies scores (normalised to ± 100)
are plotted against ach other in Supplementa y Information
Fig. S1. This shows h required lack of any sy tematic
rela ions be ween the pecies cores s expected for the
output from any good fit of a princi le comp ents model.
Clearly wide range of combi a ions of these three trait di-
mension can occur. But with Fig. 8a also show ng that t is
(gener lly peaking) only species typic lly associated ith
high fertility soils that hav scores for both PDJ and RW.
Figure 7 show the m j r components f the three major
CPCs and their ve lap of traits in d gram atic form. Thi
illustrates tha many traits se m to be “shar d”, esp cially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign s [C], but with P] nd [Mg] v rying in opposite
dir ction with respect to MA for these two trait dimensions.
I tersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this als show ng that it varies in the opposite direc-
on relative to MA and ΦLS for R cf. FW.
3.6 Bivariate relation h ps: environmental components
Cons dering data from both o and h gh fertili y sites to-
gether, Table 3 lists c rrelations and SMA sl p s for the en-
vironm n al effects with this information p ovid d in more
detail (in luding co fidence i terva s) in th Supplementary
Information (Tab e S2A). As for Table 1, the SMA slop s re-
fl ct the relations ip y↔x, with x as the c lumn head r
and the y being the row labels. F r t e structur l tr its, the
most significant relatio ships are all negative and appear be-
tween ρx log10[P], log10[Ca], g10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 t −0.41) r ,
however, much less an f r the as ociated slop s for th tax-
onomic comp nents as listed in Table 1 (−0.3 to −0.72).
3.7 Princi al compon n analysis f environment l ef-
fects
Especially given the strong relationships betwe n ρx a d he
foliar cat env ronme tal components (Fig.8) , it was of
dditional interest to see f coordina d structu al/leaf bio-
ch mical responses to th envi onment exi t f r Am zon f r-
est. We therefore ndertook a PCA analysis of the full plot
effects correl t on matrix (excluding Hmax a d S b th of
which wer considered to be nvironmentally i variant for
any giv n speci ) wit e results s own in Table 4. T is
shows that 0.33 of the total variation in the 11 t a ts examined
could be explain d by the first PCA axis (ů1) with ρx an im-
por ant contributor and this also relating positive y to fol ar
[C] andMA, but negatively all foliar nutrients xamined
and also with . The nd xis of the PCA on the plot ef-
fects correl ion matrix (ů2) s also signifi ant, accounting
for 0.25 of th var ance, with substan l egative weightings
for MA, foliar [C]  ( d to a l s r extent foliar [P])
being balanced by positive we ghtings for f liar [Mg] in par-
ticular, but als w th c tributions from ΦLS and ρx.
3.8 R lationship between plo effect PCAs and
soil/climate
The mos significant relationships between the PCA site ax s
scores of Table 4, and pr viously calcu ate so l and climate
c aracteristics of th sam ites are shown in Fig. 9. Firs , the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter consid e a strong in-
tegr ted me sure f soil fertility an denoted F. The strong
relationship observ d suggests a s rong integrated response
f Amazon tropical fo t trees to soil fer ility, with most nu-
trient increasing, a d with foliar [C] a d ρx d cr asing as
F increas . Interestingly, the Kendall’s τ fo is pl t of ů1
versus F of 0.63 is great r than for an of the original vari-
bles examin d by Fyllas et l. (2009), the highest f hich
was 0.56 for foliar [P]. C mparison with Fyllas et al. (2009)
al o shows t at the ů2 contains s gn fica t weightings of leaf-
level variables t at, individual y, were a l strongly correlated
with me n annual p cip ati n (PA) v z. positive correla-
ions with foliar [C] and A and a negative cor elation with
foliar [Mg]. It is th refore not surprising, s is shown in the
second panel of Fig. 9, that ů2 nd PA al o sh w trong as o-
ciation, but with exami ation of Table 4 als suggesti g that
for any giv spec es, both ΦLS nd ρw also decline with
increasing precipitation nd, somewhat coun er intuitively,
with  increasing.
Finally, as i Fyl as et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits f interest s
well as 1 d ů2 as functions of F, T, Ta, Pa and Qa
i Tabl 5. Here the calcu ated v lue of τp and associ-
ated probab lity giving n i dic ion of the ffe t f each
s il/enviro mental par met r after ccounting for the ef-
fect f the o r f ur. Taking into acc unt to the p ential
confoundi g effects of spatial aut correlation (Fy las et al.,
2009) we only c nsider e atio s i s wit p≤ 0.01 or better.
As the (fu l) Kendall’ τ sh wn in Fig. 9, T bl 5 sugg sts
th to be s perior pr dic ors than the i dividual variable ,
the only exc ption being Ta. In that cas , [N], [K] and ρw
ll show relat onship no pr ent when regressing the plot
effect PCs as dependent variables.
) and of the same
sign is [C], but with [P] and [Mg] varying in opposite direc-
tions with respect to MA for these two trait dimensions. In-
tersecting
S. Patin˜o et al.: Tropical tree trait dimensions 7
does not seem to have been recognised before. It is thus here
de oted as PFL.
Overall the five eigenv ctors sel cted, all of which w be-
lieve o b physiologically levant (see Su plementa y In-
form tion), accounted for 0.68 of the ot l variance f r bot
low and high fertility soil species.
The first three axes sp cies core (normalis d to ± 100)
are plotted against each other in Suppleme tar Information
Fig. S1. This shows the required lack f y syste atic
correlati ns between t e speci s cores as expected for the
output from any good fit of a rinciple c mponents mod l.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scor s for both PDJ and RW.
Figure 7 shows the major compone ts of the three majo
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “ hared”, especially
MA hich is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [ g] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the op osite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Consi ering data from both low and high f rtility sites to-
gether, l 3 lists correlatio s and SMA slope f r the n-
vironme tal effects with this informati n provide in more
detail (including confidenc intervals) in the Suppleme tary
Inform tion (Table S2A). As for T ble 1, the SMA slopes r -
flect the relationship y↔x, with the s the colum headers
and the y being the row labels. For the structural traits, the
most significant relati nships are all negative and appear b -
tween ρx a d log10[P], log10[Ca], log10[K] a d, to a l sser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships betw en ρx and the
foliar cation envir nmental compon nts (Fig.8) , it was of
additional interest to s e if coordin ted structural/leaf bio-
ch mical responses to th environment exist for Amaz n for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results show in Table 4. This
shows that 0.33 of the tot l variation i the 11 traits ex mined
c uld be explain d by the first PCA axis (ů1) with ρx a i -
portant contributor and this also relating p sitively to f liar
[C] andMA, but negatively with all foli r nutrients xamined
and also with . The s cond axi of the PCA on the plot f-
fects orrel ti n matrix (ů2) is also significant, accou tin
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
so l/ limate
The most significan relationsh ps b tw e the PCA ite xis
scores of T ble 4, and previously calculated oil and cli ate
character stics f th same sit s are shown in Fig. 9. First, the
top pan l of Fig. 9 how ů1 as a function f the first soil PCA
xis of Fyll s et l. (2009), the latter considered a stro g in-
tegrated measure of soil fertility denoted F. The strong
r lationship observed suggest a trong integrated response
of Amazon tropic l forest trees to il fertility, with most nu-
trients increasing, and with foliar [C] a d ρx decre ing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the riginal vari-
ables xamined by Fyllas et al. (2009), the ighest of which
was 0.56 for foliar [P]. Co pariso with Fyll s et al. (2009)
also shows that the ů2 co tains significant weightings of leaf-
level variables that, i dividually, were all tr gly c rrelated
with mean annual pr ipitation (PA) viz. p sitive correl -
tions it foliar [C] a d MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, a is shown in the
econd panel of Fig. 9, that ů2 and PA also s ow strong asso-
ciation, but with examination of Table 4 al o suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Ke dall’s partial τ (d noted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calcul ted value f τp a d ssoci-
at d probability giving an indication of the effect of e ch
soil/e viro mental parameter after acc unting f r the ef-
fect of the other four. Taking into acc nt to the pote tial
c nfoundi g eff cts f patial aut correlation (Fylla et al.,
2009) we ly consider relati nships with ≤ 0.01 or better.
As for the (full) Ke dall’ τ show in Fig. 9, Tabl 5 suggests
the to be superior predictor than the in ividual vari bles,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW and
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does not se m to have been recognised before. It is thus here
de oted as PFL.
Overall th five eigenv tors selected, all of which we be-
lieve to b phy i logic lly r l van (s Suppl m ntary In-
formatio ), accounted for 0.68 of the total variance for both
low and igh fertility so l specie .
Th first three axes sp ci s score ( rmalised to ± 100)
are plotted against each other in Supplementary I for ation
Fig. S1. This show the required lack of a y syst matic
orr lations b twe n the sp ies s or s as expected for the
output fr m a y good fit of ri cipl comp nents model.
Clearly a wide range of combinations of these three trait di-
me sions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fe t lity soils tha have c res for bo h PDJ and RW.
Figure 7 sho s the major compon nts f the three major
CPCs and their overlap of traits n diagram a ic form. This
illustrates that many traits seem to be “shared”, especially
MA which is important fac o for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ R ) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimen io s.
Intersecting RW and FW and in the same direction rela-
tive to M is ΦLS. Although with a high estimated standard
e r r as part of FW, we have also included LA in ( RW ∩
FW), t is also showing th t it vari s in the o posite dire -
tion relative to MA and ΦLS for RWcf. FW.
3.6 Biv r ate relatio ships: environ ental components
Considering data from both low a d high f rtility sites to-
gether, Table 3 ists correl ti s and SM sl pes f r t e en-
vironmental effect with t is i f mation provided in more
detail (inclu ing c fid ce i tervals) i the Supplementary
I formation (Table S2A). As for T ble 1, the SMA sl p s re-
flect the relationship y↔x, with the x as the column headers
and the y being th row labels. For t e structural traits, t e
most significant r lationship are all eg tiv and appear b -
tween ρx and P], log10[Ca], log10[K] and, to a l sser
extent log10(`A). The lop s observed ( 26 to −0.41) are,
howev r, much less th n f r th a s ciated slopes for the tax-
onomic components as list d in Table 1 ( 37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially give th s r g relati hips betw en ρx and the
foliar cati n viron ental c mponents (Fig.8) , it was of
additional int re t t see if coordinat d structural/leaf bio-
chemical responses to th vironment exist for A azon for-
est. W ther fore undertook PCA analysis of the full plot
effec s correlation matrix (excluding Hmax and S both of
which were consid r d to be vironmentally invariant or
any g ven pecies) with the results shown in ble 4. This
shows that 0.33 of the otal variation in the 11 traits examined
could b explained by the first PCA axis (ů1) with ρx an im-
po tan contributor and this also relating p sitively to foliar
[C] andMA, b t negativ ly wit all foliar utrie ts ex mine
and also wi . The s cond axis of the PCA o th plot ef-
fec s corr lation matrix (ů2) is also significant, acc unting
or 0.25 of the variance, with subst ntial n gative weighti gs
f r MA, foliar [C] and  (and to a lesser extent foliar [P])
being alanced by positive weightings for f liar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
T e mo t significa t rel tionships b twe n th PCA site axis
scor s of T bl 4, and pr viously calculated soil and climate
characteristics of th s me sit s are shown in Fig. 9. First, the
top pan l of Fig. 9 ws ů1 as function of the first soil PCA
axi f Fyllas et al. (2009), the latter con idered a strong in-
t grated measur of soil fertility a d de t d F. The strong
r latio ship observed ugg ts a trong int grat d response
of Amazon t opical forest tree o soil fertility, with most u-
t ients increasing, nd with foliar [C] and ρx decreasin as
F incr ases. Interestingly, the Kendall’ τ f r t is plot of ů1
versus F of 0.63 is gre ter than f r any of the o gi al v ri-
ables examined by Fyllas et al. (2009), t e hig est of which
was 0.56 for f liar [P]. Com arison it Fyllas et al. (2009)
also shows that the ů2 co tains sign fica t weighti gs of leaf-
lev l variables that, individual y, were all t ngly correlated
with mean annual pr cipitation (PA) viz. positive correla-
ti ns with foliar [C] nd MA nd a negati e c rrelation with
foliar [Mg]. It is therefore not surprisi , as s s o n in the
second pa el of Fig. 9, that ů2 and PA ls sho strong asso-
ciation, but with examin tion of Table 4 also suggesting that
for any g ven species, both ΦLS and ρw also decline with
inc asing precipitati n and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas e al. (2009) we show alues for
Kend l’s partial τ (denoted τp) for all traits f inter st as
well s ů1 and ů2 as fu cti s of F, T, Ta, Pa a d Qa
in Table 5. Here the calculated val e f τp and ass i-
ted robability g vi a indication of the ffect of each
soil/ vironme tal p rameter after acc unting or the ef-
fec of the ther four. Taking i to account to he otential
confoun i g effects of s atial aut c rrelatio (Fyll s et al.,
2009) we only consi er relationships ith p≤ 0.01 r better.
As for the (full) Kendall’s τ w in Fig. 9, Table 5 su gests
the to be superi predic ors than the i dividual variables,
the only exception being Ta. In that case, [N], [K] and ρw
al show relati nships ot present whe regressing the plot
effect PCs as dependent variables.
FW and in the same direction relative to
MAis 8LS. Although with a high estimated standard error as
part of
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Ov rall the five e genve t rs s lected, all which we be-
lieve to be physiolog cally rel vant (see Supplementary In-
formation), accounted for 0.68 f the total vari nc fo both
low and high f rti ity soil s ecies.
The first three axes speci scores (normalised to ± 100)
are plotted against each other in Supplementary Informati n
Fig. S1. This shows the required lack of any systematic
correlations between the species scor s as expected for the
output fr m any g od fit of a principle components model.
learly a wide range of combinati s of these three tr it di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that h ve scores for both PDJ nd RW.
Figure 7 hows th major component f t e ree m jor
CPCs and their overlap of traits in diagramma c form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opp site direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relatio ships: enviro mental components
Considering data rom both low and high fertility sites to-
geth r, Table 3 l sts rrelations an SMA slopes for t n-
viro mental ef ects with this inf rmation p ovided in more
detail (including confidence intervals) in the Supp e entary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relat on hip y↔x, w th h x as the column headers
and the y being the row labels. For the structur l traits, the
most significan relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] nd, to a lesser
exte t log10(`A). The lo es observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially give h str g lati n h ps bet ee ρx and the
foliar cation nvironm ntal comp ents (Fig.8) , it was f
additional int st to s e if coordinated structural/leaf bi -
chemical response to th environment exist for Amazon f r-
est. We therefore un rtook a PCA analysis of the full p ot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the r sults shown in Table 4. This
shows ha 0.33 of the total variation in the 11 t aits examined
could be explained by the first PCA axis (ů1) with ρx an i -
portant contributor and t is also relating positively to foliar
[C] andMA, bu negatively with all foliar nutrients examined
and also with . The se ond axi of he PCA on th plot ef-
fects correlation matrix (ů2) is lso significant, accounting
for 0.25 of the variance, with substantial n gative w ighti gs
for MA, foliar [C] and  (and to a lesser ext nt fo i r [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship betwe n plot effect PCAs and
soil/climat
The most sig ific nt elationsh ps between the PCA site ax s
sc res of Table 4, and previou ly calculated soil and climate
charac ri tics of the same si es are shown i Fig. 9. First, the
top panel of Fi . 9 sh w ů1 as a function of th first soil PCA
axis of Fyllas et al. (2009), the latter considered a stro g in-
tegrate measure of s il fertility and denot d F. The str ng
relatio ship observed suggests a strong integ ated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasi g as
F increases. I t r stingly, th Kend ll’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas e al. (2009), the h hest of h c
was 0.56 for foliar [P]. Comp rison ith Fyllas et al. (2009)
also shows that e ů2 contains sig ificant weightings of leaf-
level variables th t, ndividually, were all strongly correlated
with mean annual precipi ation (PA) viz. positive correla-
tions with foliar [C] and MA and negative correlation with
foliar [Mg]. I is erefore not surprising, as is shown in the
second panel f Fig. 9, that ů2 and PA also show strong as -
ciation, but with examination of Table 4 also sugg st g that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Fina ly, as in Fyllas et al. (2009) we h w values for
Kendall’s partial τ (denoted τp) for al traits of int rest as
wel as ů1 and ů2 as func ions of F, T, Ta, Pa and Qa
in Tabl 5. Here the calculated value of τp and associ-
ated probability giving an indicat on of the effe f each
soil/e vironme tal param ter after accounting fo the f-
fect of the other four. Taking nto accoun to the potential
confounding e fects of spatial autocorrelation (Fyl as et al.,
2009) we nly consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown Fig. 9, Table 5 suggests
the to be super r predict rs than the individual variabl s,
the only exc ption being Ta. I that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
FW, we have also included LA in (
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does not seem o hav been recognis d bef r . It is thus here
d noted PFL.
Ov rall fiv ig nv ctors selected, all of which we be-
li ve to be physiologically r lev nt (see Supplementary In-
formation), account d for 0.68 of the total variance for both
l w and high f rtility soil species.
The fi st three ax s species scores (normalised to ± 100)
ar plotted against each o her in Supplementary Information
Fig. S1. This s ws the requir d l ck of any system tic
c rrelation b tw n the species scores as expected for the
output from ny g od fit of a principle components model.
Clearly a wide r nge of combinat ons of these three trait di-
mensions ca occur. But with Fig. 8a also showing that it is
(generally spe king) only species typically associated with
high fert lity soils hat ave scores for both PDJ and RW.
Figure 7 s ow the major componen s f the three major
CPCs and their overlap of traits i diagra mat c form. This
illustrates that many traits seem to b “shar ”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also ccurring i ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] va ying in opposit
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of F , we have also included LA in ( RW ∩
FW), this al sh wing that it var es in he ppo ite direc-
tion relati e t MA a d ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmen al com o e s
Con dering data fro both low and high fertility sites to-
gether, Table 3 lists correlations a d SMA sl pes for the en-
vir mental ffects with th s informatio provided in more
d tail (including confidence intervals) in the Su plementary
Informa ion (T ble S2A). As for Table 1, the SMA slopes re-
flect the re ationsh y↔x, with the x as the column headers
and the y being he row labels. For the structural traits, the
most signific nt relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
ext nt log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less han for the associated slopes for the tax-
onomic components as listed in Table (−0.37 to −0.72).
3.7 Pr ncipal component analysis of environmental ef-
fects
Espe ially given th strong r lati nships b tween ρx nd th
foliar cation environmental c mpon nts (Fig.8) , it w s of
d itional inter st to see if coordinated structural/ af bi -
ch mi al esponses t the environment exist for Amazo for-
est. W therefor undert ok PCA analysi of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to b environmentally invariant for
any given species) with the results shown in Table 4. This
s ows that 0.33 of the ot variation in the 11 traits examined
could be expla ned by th first PCA axis (ů1) with ρx an im-
p r ant contributor and this als relating positively to foliar
[C] a dMA, but egatively with all foliar nutrients examined
and lso wi h . The second axis of the PCA on the plot ef-
fects co r lation mat ix (ů2) is also significant, accounting
for 0.25 of the va iance, with substantial negative weightings
fo MA, foliar [C] and  ( nd to a l s er extent foliar [P])
being bal nced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Re tionshi betw en p ot eff ct PCAs and
soil/clima e
The most significant relationships b tween the PCA site axis
core o Table 4, and previously calculated soil and climate
character stics f the same ites are shown in Fig. 9. First, the
op pa el of Fig. 9 shows ů1 as a fu ction of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
teg a measur of soil fertility and denoted F. The strong
relati nship observed sugg sts a strong integrated response
o Amazo tropica forest trees to soil fertility, with most nu-
trie ts incr asing, and w th fo iar [C] and ρx decreasing as
F increases. In erestingly, the Kendall’s τ for this plot of ů1
versus F f 0.63 is greater than for any of the original vari-
ables exam ned by Fy las et al. (2009), the highest of which
as 0.56 for fo iar [P]. Comparison with Fyllas et al. (2009)
also shows ha the ů2 contains significant eightings of leaf-
lev l variables th , i dividually, were all strongly correlated
ith me n annual precipitation (PA) viz. positive correla-
tions with f iar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, b t ith examinat on of Table 4 also suggesting that
for any given sp cies, both ΦLS and ρw also decline with
increasi g precipitation and, somewhat counter intuitively,
with  increasing.
F nally, as in Fyllas et al. (2009) we show values for
Kendall’ parti l τ (denote τp) for all traits of interest as
well as ů1 a d ů2 as fun i ns of F, T, Ta, Pa and Qa
in Table 5. Here calculated value of τp and associ-
ated probabili y giving an indication of the effect of each
oil/env ronmental parameter after accounting for the ef-
f t of the other f ur. Taking in o account to the potential
co founding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consid r relationships with p≤ 0.01 or better.
As for the (full) ndall’s τ shown in Fig. 9, Table 5 suggests
he to be supe or predictors than the individual variables,
he only exceptio being Ta. In that case, [N], [K] and ρw
all show relationshi s not present when regressing the plot
effect PCs as dependent variables.
RW ∩
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do s not seem to hav bee r cognised before. It is thus here
d oted as PFL.
Over ll the five igenv ctors selected, all of which we be-
lieve to be physiologically rel v t (se Supplementary In-
formati n), ac oun ed f r .68 of the total variance for both
low and high fertility soil sp cies.
The first hree ax s species scores (normalised to ± 100)
e plotted gainst ach o r in Supplementary Information
F g. S1. This hows the required l ck of any systematic
c rr lations b we n the species sc res as expec ed for the
utput fro ny g od fit of a principle co ponents model.
Cle ly a wi e range of combination of th se t ree trait di-
mensions can occur. But with Fig. 8a also showing that it is
(gener lly speaking) only species typically assoc ated with
high fertili y so ls that have cores for both PDJ an RW.
Figu 7 sh ws the major comp nents of the three major
CPCs and their overl p of traits in diagrammatic form. This
illustrates t at many tr its seem to b “ hared”, specially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurri g in ( PDJ ∩ RW) nd of h
same sign is [C], but with [P] and [Mg] varying in opposite
directions with r spect t MA for the e wo t ait d mensi ns.
Inte secti g RW and FW and in the same di ction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), is also s ow g hat it vari s i the pposit direc-
tion relative to MA a d ΦLS f r RWcf. FW.
3.6 Bivariate relationships: nviro n al com o ts
Consi er ng data rom b th low and h gh fertility sites to-
geth r, Table 3 lists orrelations a d SMA slope for the en-
vironme al effec s with this information provided i more
detail (including co fid nce i tervals) i the Supplementary
Inform tion (Tabl S2A). As for Table 1, the SMA slopes re-
fl ct the r latio ship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant lationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] nd, to a lesser
extent l g10(`A The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slop s for the tax-
o omic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environme tal ef-
fects
Especially given the strong relation hips b tween ρx and the
foliar cat on envi onmental component (Fig.8) , it was of
additional inter st to see if coordinated stru tural/leaf bio-
ch mic l respo ses to the environment exist for Amazo for-
est. We therefo e under ok PCA analysis of the full plot
effects correl tion matrix (excluding Hmax and S both of
which were c nsider d to be environme t lly inva iant for
a y given species) with the results shown in Table 4. This
shows th t 0.33 of the tota variation in the 11 traits xamined
could be plai by the first PCA axis (ů1) with ρx an im-
p rtant c ntributor and this lso relat ng positive y to foliar
[C] dMA, bu egatively with all foliar nutrients xamined
and also with . The second axis of the PCA on the plot ef-
fects correl ion matrix (ů2 is also signifi ant, accounting
f r 0.25 of h variance, ith substantial n gativ weighti gs
for MA, foliar [C] a  (and to a lesser extent foliar [P])
being bala ced by pos tive weightings for foliar [Mg] in par-
ticular, but als with contributions from ΦLS and ρx.
3.8 Relatio ship betwee plot ffect PCAs and
il/clima
The mo t sign ficant relationships between the PCA site axis
cor s of T b 4, and previous y calculated soil and climate
characteri tic of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 s ows ů1 as a function of the first soil PCA
xis f y la et al. (2009), the latter considered a strong in-
tegr ted ea ure of soil fertility and denoted F. The strong
relati n hip obs rv d uggests a strong integrated response
of Amazon tr pical forest trees to soil fertility, with most nu-
trient incre sing, and with foliar [C] and ρx decreasing as
F ncreas s. I t restingly, the Kendall’s τ for this plot of ů1
v rsu F of 0.63 is greater than for any of the orig nal vari-
ables xamined by Fy las et al. (2009), the highest of which
was 0.56 fo foliar [P]. C mparison with Fy las et al. (2009)
al o shows th t the ů2 conta ns significant weightings of leaf-
leve vari bles that, individually, were al str ng y correlated
with mean an ual precipitation (PA) viz. positive correla-
ti ns i h fol r [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second pane of Fig. 9, that ů2 nd PA also show tr ng asso-
ia ion, bu w h examination of Table 4 also sugges ing that
f r a y given species, both ΦLS and ρw also decline with
i creasing precipitation and, somewhat counter intuitively,
with  increasing.
Final y, s in Fyllas et l. (2009) e show values for
Kend ll’s partial τ (denoted τp) for all trai s of interest as
well as 1 nd ů2 as functions of F, T, Ta, Pa and Qa
in T ble 5. Here the calculat d value of τp and associ-
at d probability giv g an i dication o the effect of each
soil/environm ntal param ter after accounting for the ef-
fec of the o her four. Taking into account t the potential
co founding e fects of spa ial autocorrelation (Fyllas et al.,
2009) we only consider relations i s with p≤ 0.01 or better.
As or the (full) Kend ll’s τ shown in Fig. 9, Table 5 uggests
th to be sup r or pr dictors than the individua variables,
the only exception being Ta. In that case, [N], [K] and ρw
all how r lationships not present when regressing the plot
effect PCs as dependent variables.
F ), this
also showing that it varies in the opposite direction relative
to MA and 8LS for
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does not seem to have bee recog ised bef re. It is th s her
denote as PFL.
Overall the five igenv ors selected, all f which we be-
lieve to b p ysiologically r levant (s e Supplementary In-
form tion), a counted for 0.68 of he tal va i n e for b th
low and high f t lity soil ci .
T e firs three axes species scores (nor l sed t ± 100)
are plotted a ainst eac other i Supplementary Inf r tion
Fig. S1. This shows t e required l ck of any systema ic
co relati ns between t e species scor s as xpe ted for the
output from any g od fit of a princi le omp n nt model.
Clearly a wide range of combin tions of these three tra t di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high f rtility soils that h ve scores for b th PDJ and R .
Figure 7 shows the major compon nt of the thre aj r
CPCs and their overlap of traits in diagra matic form. This
illustrates that many traits seem t be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also ccurring in ( PDJ ∩ RW) and of
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have als included LA in ( RW ∩
FW), this also showi g that it varie in t opp site direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relations ips: environmental compo ents
Considering data from both l w nd h g f ili y ites to-
gether, Table 3 lists correlations and SMA slop s for the en-
viro mental effects with this informati n provided in m r
detail (includi g confidence inte als) i the Supplementar
I formation (Table S2A). A for Table , h SMA sl pes re-
flect the relationship y↔x, with the x as the c lumn headers
and the y bei g the row labels. For the structural traits, the
most significant relationships ar all negative and appear be-
twe n ρx and log10[P], l g10[Ca], log10[K] and, to a lesser
ext t log10(`A). The s pes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic c mpone ts as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships be we n ρx and the
f liar cation ir tal co po ents (Fig.8) , it was f
additio al interest to se if coordinat d st uctural/leaf bi -
chemical responses to th environm nt exist for Amazon for-
est. W therefore undertook a PCA analysis f he full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 f t e total v riat i the 11 traits examin d
could be explai ed by the first P axis (ů1) with ρx a im-
p rt nt c tributor and t is al rel ting positively to foliar
[C] ndMA, but negatively with all foliar nutrie ts examined
and also with . The second axis of the PCA on the plot f-
fects correlati n ma r x (ů2) is also ignifica t, accounting
for 0.25 of the varian e, w th su stantial negat ve weightings
f r MA, foliar [C] and  (and to lesser exte foliar [P])
being bal nced by positive weightings for foliar [Mg] in par-
ticular, but also with co tributio s fr m ΦLS a d ρx.
3.8 Relatio ship between plot ffec PCAs nd
il/climate
Th most significant relatio ships betw en the PCA ite axis
score of Table 4, and previously calculated soil and climate
char cteristics of the same sites are shown in Fig. 9 First, he
top panel of Fig. 9 sh ws ů1 s a func ion of the first soil PCA
xis of Fyllas t l. (2009), he latter con idere a strong in-
tegrated measur of soil fertility a den ted F. Th strong
relationship observed suggests a stro g integrated response
of Amazon tropical forest trees to soil f rtility, wit most nu-
trients increasing, and with foliar [C] and ρx decreasi g as
increase . Interestingly, th Ke dall’s τ f r this plot of ů1
versus F of 0.63 is greater than f r an of the origin l vari-
bles exami ed by Fyllas et al. (2009), the ighest of which
was 0.56 for foliar [P]. Compa ison wi Fyllas et al. (2009)
also shows that he ů2 c nta ns sig ificant ightings f leaf-
evel variables th t, individually, were all stro gly correlated
with mean a ual precipit ti n (PA) viz. positive corr la-
tio s with foliar [C] and MA and a egativ c rrelation it
foliar [M ]. It is therefore n t surprising, as is shown in the
second panel of Fig. 9, that ů2 nd PA also show strong asso-
ciation, but with examination f Tabl 4 also suggesting that
for any given species, bo ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show v lues for
Kendall’s artial τ (denoted τp) for all traits of interest as
well as ů1 d ů2 as functions o F, T, Ta, Pa and Qa
in Table 5. Here the calcula ed value of τp nd associ-
at d probability givi g an indicati n of the ffect of e ch
soil/ nvironmen al parameter after accounting for the ef-
fe t of the other four. Taking int account to the p tent l
confo nding effects of spatial autocorrelatio (Fyllas et al.,
2009) e only c nsider relations ip with p≤ 0.01 better.
s f r t ( ll) Kendall’s τ shown in Fig. 9, Table 5 sug ests
the to be superior predicto s than the ind vidual variables,
th o ly exception being Ta. In tha cas , [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RWcf.
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do s not seem to hav bee r co nised before. It is thus here
denoted as PFL.
Overall th five eigenv ctors selected, all of which we be-
li ve to be physiologically rel vant (s Suppl me tary In-
f r at n), accou ted f 0.68 of h total variance for b th
l and high fertility oil pecies.
The first three ax pecie score (normali e to ± 100)
are plott d agains e c ther in Suppl m n ary Informati
Fig. S1. This sh ws t e quired l ck ny systematic
c rrelatio s betwe n t peci cores xpe ed f r
output f om any g od fit of a princ ple ompon nts model.
Clearly a wide range of combination of th s three tra t di-
mensions can occur. But with Fig. 8a also showing that it is
(gener lly speaking) only species typically assoc ated with
high fe tili y soils that have sc es for b th PDJ and RW.
F gur 7 sh ws the major co ponents of e r aj r
CPCs and their ve l p f traits in diagra mat c form. This
illustrates that many traits seem to be “shar d”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occur ing n ( PDJ ∩ RW) and of t
same sign is [C], but with [P] and [Mg] v rying n opposit
direc ions with respect to MA for these wo trait dimensions.
Intersecting RW and FW and in the same di ction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing t at it varies in the opposite direc-
ti n relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental c po ents
C sidering dat fro both low nd h gh fer ili y ite to-
geth r, Table 3 lists correlat s and SMA slop s for the en-
vironmental effec s w th this inf rmation provided in mor
detail (in luding co fid nce i te v ls) i the Suppl mentary
Inform tion (Table S2A). As fo Table 1, the SMA slop s re-
fl ct the relationship y↔x, with the x as the c lumn h aders
and the y being th row labels. For the structur l traits, the
most significant relatio ships are all n gative and appear be-
tween ρx and log10[P], l g10[Ca], log10[K] nd, t a le er
exten log10(`A). The sl pes obs rved (−0.26 to −0.4 ) are,
however, much less than for the associated slop s for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
E p c ally given he ong e ationships betwe n ρx an t e
f liar cat environmental c mponent (Fig.8) , it wa of
additi nal inter st to see if coordinat d structural/leaf bio-
ch mical responses to the environm nt exist for Amazon for-
est. We therefo e undertook PCA analysis o he full plot
effects correl ion matrix (excluding Hmax and S both of
which were consider d to be environment lly inva iant for
a y given species) ith the results shown in Table 4. This
hows that 0.33 of the t al ria i i the 11 traits examin d
could be explain d by the fir t PC xis (ů1) with ρx an im-
p rtant c ntribu or an this ls relating positive y to foliar
[C] andMA, but negatively w th all fol ar nutrients exami ed
and lso with . The second ax s of the PCA on th plot f-
fects c rre ion mat x (ů2) is also sig fi ant, accounting
f r 0.25 of t e varia e, w h su stantial n gative weightings
for MA, f liar [C]  ( nd to lesse ex e t foliar [P])
being balanced by pos tive weighting for foliar [Mg] in par-
ticular, but als with contributions fr m ΦLS and ρx.
3.8 Rel ti nship b t e plot effect PCAs and
soil/clim te
The most signifi ant relat onships b ween th PCA site axis
scores of Table 4, and previous y calculated soil a d climate
c aracteristic of the sam site are shown in Fig. 9. First, he
t p panel of Fig. 9 shows ů1 a function of he first soil PCA
xis of Fy l s et l. (2009), the latter considered a strong in-
tegr te mea ure of so l fert lity a d denoted F. Th s rong
relat n hip observ d ugg sts strong integrated response
of Amazon tr pical forest rees t s il fertili y, ith most nu-
tri nt increasing, and with foliar [C] and ρx dec easi g as
incre ses. I teresti gly, th Kendall’s τ for this plot of ů1
versus F of 0.63 i greater th n f r a y of the orig n l vari-
ables exam ned by Fy las e al. (2009), the highest of which
was 0.56 for foliar [P]. C mparison wi Fy las et al. (2009)
al o shows that the ů2 conta ns sig ific nt weightings f leaf-
level vari bles t at, individually, were al str g y correlated
with mean annual p ecipit tion (PA) viz. positive correl -
tions with foliar [C] and MA and a egative correlation with
foli r [Mg]. It is theref re t surprising, as is shown in the
second panel of Fig. 9, that ů2 nd PA als show trong asso-
cia io , but with examina ion of Tabl 4 also sugges ing that
for a y given species, bo ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Fi ally, as in Fyll s et l. (2009) e show values for
Ke dall’s partial τ (denoted τp) for all trai s of interest as
well as 1 nd ů2 as fu cti ns of F, T, Ta, Pa and Qa
in Tabl 5. Here the calculat d value of τp and ss ci-
ate probability giv g an i dicati n o the effect of each
soil/ vironmental par m ter fter ccounting f r th ef-
f ct of the other four. Taking int acc unt t the p tent al
co fo ndi g e fects of spatia a tocorrelation (Fyllas et al.,
2009) we only c ns der relations i s with p≤ 0.01 better.
As r t (f ll) Kenda l’s τ shown in Fig. 9, Tabl 5 uggests
th to be sup r or predictors than the ind vidua variables,
the o ly exception being Ta. In that cas , [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
F .
3.6 Bivari te r l t onships: environmental compo ents
Considering data from bo h l w a d high f rtility sit s to-
geth r, Table 3 lists c rrelations nd SMA slopes for the
environmental effects with thi information provi ed in more
d tail (includi g confidenc intervals) n the Supple entary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect t e relatio ship y↔ x, w th t x as the c lumn he d rs
and the y being the row lab ls. For the structural tra ts, the
most significant relationships are all ega iv and app ar be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a les er
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for th tax-
onomic components as listed in Table 1 (−0.37 t −0.72).
Table 4. Summary of the Principal Components Analysis of the
correlation matrix for the derived environmental/soil effects on ob-
served structural and physiological traits. Coefficients given in bold
are those whose values are 0.3 or more. MA = leaf mass per unit
area; elemental concentrations are on a dry weight basis, LA = leaf
area; 8LS = leaf area: sapwood area ratio, ρx = branch xylem den-
sity,  = diffusion limitation index (see Eq. 1).
Variable Component
ů1 ů2
log(MA) −0.196 −0.443
[C] −0.300 −0.412
log[N] 0.320 0.111
log[P] 0.406 −0.276
log[CA] 0.453 0.099
log[K] 0.392 −0.300
log[Mg] 0.245 0.416
l g(LA) 0.087 −0.009
og(8LS) 0.025 0.271
ρx −0.383 0.287
0.174 −0.340
Eigenvalue 6.23 2.54
Proportion of variance explained 0.33 0.25
3.7 Principal com onent analysis of
e vir nme al effects
Given the correlations between the environmental effects for
ρx and several foliar nutrients (Table 3; Fig. 8), it was of
additio al interest to see if coordinated structural/leaf bi -
chemical respo ses to the nvironm nt exist f r Amazon for-
e t. W t refor undert ok PCA lysis of the full plot
ffec s co rel tion m trix ( xcluding Hmax and S both of
whic were c nsidered t b envir mentally nvariant for
any give pec s) w th the esults sho n in Tabl 4. This
shows at 0.33 of the total variatio in the 11 trait examined
coul be xpl i ed by the fir t PCA axis (ů1) with ρx a im
portant contr bu or and t is a so r lating positively to foliar
[C] nd MA, but n gatively with all foliar nut ien s examined
and als ith . Th sec nd axis of he PCA n t e plo ef
fects c rrela i ma rix (ů2) i lso significant, accou ting
for 0.25 of he variance it sub tantia negative weightings
for MA, foliar [C] and  ( nd to a lesser ext nt foli r [P])
being ba anced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from 8LS and ρx.
3.8 R l tion h p betwe n p ot effect PCAs and
soil/ limate
The most ig ificant relationships between the PCA site axis
score of Tabl 4, and previously calculated s il and climate
cha act ristic of t e same sit s are shown in Fi . 9. First,
the top pa l of Fig. 9 hows ů1 function f the first soil
PCA axis of Fyllas et al. (2009), the latter co sid r d a strong
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Table 5. Kendall’s partial correlation coefficient, τP, for the environmental contribution (plot effect estimate) of each foliar property (con-
trolling for the effects of the other environmental predictors) with their significance estimated as detailed in Maghsoodloo and Laszlo
Pallos (1981). Bold values indicate a very strong correlation (p < 0.001) and italics indicate significant correlations at p < 0.01; see text
for details. MA = leaf mass per unit area; elemental concentrations are on a dry weight basis, LA = leaf area; `A = leaflet area, 8LS = leaf
area/sapwood area ratio, ρx = branch xylem density,  = diffusion limitation index (see Eq. 1) and ů1 and ů2 are the first two principal
components of the PCA analysis on the environmental effects correlation matrix (See Table 4).
MA [C] [N] [P] [Ca] [K] [Mg] LA `a log(8LS) ρx  ů1 ů2
Soil fertility PCA axis,
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between pl t effect PCAs nd
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
F −0.20 −0.23 0.20 0.48 0.48 0.33 0.22 −0.09 −0.07 −0.04 −0.32 0.20 0.56 0.00
Soil texture PCA axis,
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and d noted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
T 0.05 0.10 0.12 0.04 −0.27 −0.17 −0.18 −0.03 0.02 0.05 0.19 0.02 −0.22 −0.07
Mean annual temperature, Ta 0.11 0.051 −0.38 −0.26 −0.08 −0.41 0.03 −0.08 −0.04 0.07 0.35 −0.13 −0.23 0.21
Mean annual precipitation, Pa 0.33 0.30 −0.18 0.17 −0.01 0.11 −0.31 −0.01 −0.01 0.17 −0.12 0.24 −0.07 −0.44
Mean annual radiation, Qa −0.06 0.15 0.02 0.12 −0.14 0.08 0.00 −0.11 −0.10 0.08 0.02 0.12 −0.04 −0.11
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Fig. 8. Standard Major Axis (SMA) regressions lines between the derived environ-
mental components of branch xylem density (ρx) and foliar [P] and foliar [K]. Open
circles indicate species found on low fertility sites and the close circles indicate species
found on high fertility sites. Species found on both soil fertility groups are designated
by a “+” (see text for details). Solid lines show the SMA model fits.
Fig. 8. Standard Major Axis (SMA) regression lines between the
derived environmental components of branch xylem density (ρx)
and foliar [P] and foliar [K]. Open circles indicate species found on
low fertility sites and the closed circles indicate species found on
high fertility sites. Species found on both soil fertility groups are
designated by a “+” (see text for details). Solid lines show the SMA
m del fits.
integrated measure of soil fertility and denoted
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the fiv eigenvectors elected, all of which we be-
lieve to be physiologically r levant (see S pplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that h ve score for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic f rm. This
illustrates th many traits seem t be “shared”, specially
MA which is a important factor for all thre f PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with resp ct to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this lso showing that it varies the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering d ta from both low and high fertility sites to-
g ther, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confid nc intervals) in the Supplementary
Information (Table S2A). As for T ble 1, the SMA slop s re-
flect the relationship y↔x, with the x as the column headers
d the y being the row labels. For the structura traits the
most significant relationships are all negative and app ar be-
tween ρx and l g10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the a sociated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climat
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measur of soil ferti ity and denote F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
F. he
strong relationship observed suggests an integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
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does not seem to have b n recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fert lity soil pecies.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations b twe n the species scores as expected for the
output from any goo fit of a principle components model.
Cle rly a wide range of combinations of these three trait di-
mensions c o cur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that ha e scores for both PDJ and RW.
Figure 7 shows the major comp ents of the three major
CPCs and t eir overl p of traits in diag ammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an importa t factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Alth ugh with a high estimated standard
error as part of FW, we ave al o included LA in ( RW ∩
FW), this also s owing that it varies in the pposite dir -
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate rel tionships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA sl pes re-
flect th relatio ship y↔x, with the x as the column headers
and th y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be xplained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, a d reviously calculated soil and climate
c racteristics of the same sites are shown in Fig. 9. First, the
top pa el of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
ver us F of 0.63 s greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. C mparison with Fyllas et al. (2009)
also shows that the ů2 contai s significant weightings of leaf-
level v r ables that, individually, were all strongly correlated
with mean annu l precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel f ig. 9, that ů2 and PA also show strong asso-
ciation, but with ex min tion of Table 4 also suggesting that
f r any given species, both ΦLS and ρw also decline with
inc easing precipitation and, somewhat counter i tuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
K n all’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ate probability giving an indicati n of the effect of each
soil/environmental parameter after accounting for th ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
F increas s. Interestingly, the Kendall’s τ for this plot of ů1
versus
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does not se m to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of w ich we be-
lieve to be physiologicall rel vant (see Supplementary In-
formation), accounted for 0.68 of the total vari nce for both
low and high fertility soil species.
The first three xes species scores (normalised to ± 100)
are pl tted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fi o a principle co pone ts model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also show ng that it is
(generally speakin ) only specie typic lly associ ted ith
high fertility soils that h ve scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
which is an important factor for all thr e of PDJ, RW
and FW. Also occurring in ( PDJ ∩ ) and of the
same sign is [C], but with [P] and [Mg] arying in oppos te
directions with respect to MA for these t o trait dimensions.
Intersecting RW and FW a d in the same direction r la-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this als s owing that varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: nvironm ntal components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironme tal effects with this i formation provided in more
detail (i cluding confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column head rs
and the y being the row labels. F r the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environment l ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
ny given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but neg vely with all foliar nutrients examined
and als with . The se ond axis of the PCA on the plot ef-
fect correlation matrix (ů2) is also significant, accounting
for 0.25 of the varia ce, with substantial negative weightings
for MA, folia [C] an  (and to a lesser extent foliar [P])
being bal nced by p sit ve weig ti gs for foliar [Mg] in par-
icular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
oil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
character stics of t e same sites are shown in Fig. 9. First, the
top panel of Fi . 9 shows ů1 as a function f the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of mazon tropic l forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for fo iar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
ti ns with foliar [C] and MA and a negative correlation with
f liar [Mg]. It i therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after acc nting for the ef-
fect of the oth r four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correlations
with foliar [C] and MA and a negative correlation with foliar
[Mg]. It is therefore not surprising, as is shown in the second
panel of Fig. 9, that ů2 and PA also show strong association,
but with examination of Table 4 also suggesting that for any
given species, both 8LS and ρw also decline with increas-
ing precipitation and, somewhat counter intuitively, with 
increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interes as
well as ů1 and ů2 as functions of
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does not seem to have been r cognised before. It is thus here
d n ted as PFL.
Over ll the five eigenv ctors selected, all of which w be-
lieve to be physiologically relevant (see Supplementary In-
f rmation), acc unt d for 0.68 of the tota variance for bot
low nd high fertility soil speci s.
The first three axes species scores (normalised to ± 100)
are plott d gainst each other i Supp ementary Information
Fig. S1. This shows t e required lack of any systema ic
correlations between the species scores as exp cted for the
output from any good fit of a principle components model.
Clearly a wide rang of combinatio s of these thre trait di-
mensions can occur. But with Fig. 8a also sh wing that it is
(generally speaking) only pecies typically associa ed with
high ferti ity soils that have sc res for b th PDJ and RW.
Figure 7 shows the major components of the three major
CPCs nd hei overlap of traits in diagrammatic form. This
illustrates that many traits s em to be “shared”, especially
MA which is an important factor for ll three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) nd of the
same sign is [C], but with [P] and [Mg] varying i pposite
directions with respect to MA for these tw trait dime sions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Althoug with a high estimat d sta dard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing th t it vari s in the opposite direc-
tion relative to MA nd ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high rtility sites t -
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects w th this inf rmation prov ded in more
detail (including confid ce intervals) in the Supple entary
Information (Table S2A). As f r Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all n gative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the t tal variation i the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also rel ting positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with subs antial negative weightings
for MA, foliar [C] nd  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relat onship be ween plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristi s of the same ites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis f Fyllas et al. (2009), the latter considered a strong in-
tegrate measure of soi fertility and den ted F. The strong
relationship observed uggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trie ts increasing, and with foliar [C] and ρx decreasing as
F increases. Intere tingly, the Kendall’s τ for this plot of ů1
ve su F of 0.63 is greater than for any of the original vari-
ables examine by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comp riso with Fyllas et al. (2009)
also shows hat h ů2 contains signifi ant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions wit foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
sec nd panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given speci s, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et l. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
F,
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does not seem to hav been recognised befor . It is thus her
denoted s PFL.
Overall t e five igenv ctors sel cted, all of w ich w be-
lieve to be physiologically relevant (see Suppl mentary In-
formation), accounted for 0.68 of th to al v iance for both
low and igh f r ility soil sp ies.
The first three axes sp cies score (nor alised to ± 100)
re plotted agai st e ch oth r in Suppl m tary Inform ti n
Fig. S1. This hows th required lack of systematic
correlations between the sp cies score a exp cted for the
o put from any good fit of a pr nciple c mponents model.
Clearly a wide range of combinations of th s three trait di-
me sions can occur. But with Fig. 8a a o showing hat it is
(gener lly speaking) nly sp cies typically associated ith
igh fer ility soils hat have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
PCs nd their overlap of tra ts n di gra matic form. This
illustrates hat many traits seem to be “shared”, specially
MA w ich is an impor ant factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposit
directions with r s ect t MA for these two tr it dimensions.
Int rsecting RW and FW and in the same directi n rela-
tive to MAis ΦLS. Although ith a igh estimated stan rd
e ror as part of FW, we have al o included LA in ( RW ∩
FW), this al o showing hat it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Biv riat relationships: environmen l components
Considering data from both low and igh fer ility sites to-
g ther, Table 3 lists correlations and S A slope for the en-
vironmental ffects wi this informati provid d in more
deta l (including confidence intervals) in the Suppl mentary
Inform tion (Table S2A). As for Table 1, the SMA slopes re-
flect the r lationship y↔x, with the x as the column headers
and the y being the r w labels. For the str ctural trai s, the
most s gnificant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a l sser
x ent log10(`A). The slopes obs rved (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic co ponent a listed in Table 1 (−0.37 to −0.72).
3.7 Pr ncipal component nalysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar catio environmental components (Fig.8) , it was of
additional interest to see if coordinated str ctural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
ffects correlation matrix (excluding Hmax and S both of
w ich were considered to be environmentally inv riant for
any given sp cies) wi th results show in Table 4. This
shows hat 0.33 of the total v riatio in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
por ant contributor and this also relating positively t foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . Th second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is al o s gnificant, accou ting
for 0.25 of the v rianc , with ubs antial negative weightings
for MA, foliar [C] and  (and to a l ss r x ent foliar [P])
being balanced by positive we ghtings for foliar [Mg] in par-
ticul r, but also with cont ibutions from ΦLS and ρx.
3.8 Relationship betwee pl t ffec PCAs and
soil/climate
The most s gnificant relationships between the PCA ite axis
scores of Table 4, and previously a culated soil and climate
characteristics of the same sit s are shown i Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a functi n of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure f soil fer ility and den ted F. The strong
elationsh p obs rved sugges s a strong integrated response
of Amazon tr pical fo est trees t soil fer ility, with most nu-
trients increasing, and with foliar [C] and ρx d creasing as
F incr ases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is gr ater than for any of the original vari-
abl s examined b Fyllas et al. (2009), t e ighest of w ich
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
al o shows hat the ů2 contains s gnificant weightings of leaf-
level v riables h t, ndividually, were all strongly correlated
with mea annual precip tation (PA) viz. positive correla-
tio wit f liar [C] and MA and a egative orrelati n with
foliar [Mg]. It is therefore not surprising, as is show in the
second panel of Fig. 9, hat ů2 and PA al o show strong ass -
ciation, but with examinati n of Table 4 al o suggesting hat
for any given sp cies, b th ΦLS and ρw also decline with
increasing precip tatio and, somewhat counter intuitively,
with  increasing.
Finally, in Fyllas et al. (2009) we show values for
Kendall’s p rtial τ (denot d τp) for all traits of interest as
we l as ů1 and ů2 as functions of F, , Ta, Pa and Qa
in Table 5. Here the a culated value of τp and associ-
ated probability giving a ndication of the ffect of each
soil/environmental parameter after accou ting for the ef-
fect of the other four. Taking into account o the po ential
c nfou ding ffects of spati l autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be supe io predictors than the ndividual v riables,
the only exception being Ta. In hat case, [N], [K] and ρw
all show relationships not present when gressing the plot
ffect PC as dependent v riables.
, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indicatio of the effect of each
soil/environmental paramete after accounting f r the effect
f the ther four. Taking into account the potential confound-
ing effects of spatial autocorrelation (Fyllas et al., 2009) we
nly consider relationships with p ≤ 0.01 or be ter. As for
the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests the
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does not seem to have been recognise before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
form tion), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scor s (normalised to ± 100)
re plotted ag inst each other in Supplementary Inform tion
Fig. S1. This shows the requir d lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensi s can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically ass ci ted with
high fertility oils that have scores for both PDJ and RW.
Figure 7 shows the major c mponents of the three maj r
CPCs and th ir overlap of trai in iagrammatic f rm. This
illustrates that many traits seem to be “shar d”, especially
MA which is an important fact r for all ree f PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same ign is [C], but with [P] and [Mg] varying in opposite
di cti ns with r spect to MA for these two trait dimensi ns.
Intersecting RW and FW and in the sam direction rela-
tive to MAis ΦLS. Alth ugh with a high estimated standard
error as part of FW, we have also inclu ed LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivaria e relationships: environmental components
Considering data from bo h low and high fertility sites to-
gether, Table 3 lists co relations and SMA slopes for the en-
vironmental effec s with this in ormation provided in more
detail (including c fidence int r als) in the Supplementary
Information (Table S2A). As for T ble 1, the SMA slop s re-
flect the relati nship y↔x, with the x as the column headers
and the y being the row labels. For the structur l traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
sh ws that 0.33 of the total variation in the 11 traits examined
could be explai ed by the first PCA axis (ů1) with ρx an im-
p r ant contributor and this also relating positively t f liar
[C] andMA, but negatively with all foliar utrients xamined
a d also with . The second axis of the PCA o the plot f-
fects correlation matrix (ů2) is also signifi ant, accou ting
f r 0.25 of the vari nce, with substantial negativ weigh s
for MA, f liar [C] and  (and to a lesser extent fol ar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most sign ficant r lationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et l. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, ith most nu-
trients increasing, an with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of whic
wa 0.56 f r f liar [P]. Comp rison with Fyllas et al. (2009)
also hows that the ů2 contai s significan weightings f leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a egative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 a d PA also show strong asso-
ciation, but with exami ation of Table 4 also suggesting that
for any given s ecies, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
to be superior predictors than the individual variables, the
only exception being Ta. In that case, [N], [K] and ρw all
show relationships not present when regressing the plot ef-
fect PCs as depe dent variables.
4 Discussion
Some of the data used here ha be n presented prev ously
(Fyllas et al., 2009; Patin˜o et al., 2009), with the current
analysis int grating those datasets with structural traits in-
troduced as part of this study (viz. LA, `A, 8LS, S and Hmax)
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Fig. 9. Relationship between derived environmental effect principal components
(Table 5) and soil/environmental parameters for various plots across the Amazon. Top
panel, First principal component of the environmental effects versus the first principal
component of the PCA of soil chemical and physical characteristics as derived by Fyl-
las et al. (2009) on the basis of data provided by Quesada et al. (2010). Second panel,
second principal component of the environmental effects PCA versus mean annual pre-
cipitation. Open circles indicate low fertility sites and the closed circles indicate high
fertility sites as defined by Fyllas et al. (2009).
Fig. 9. Relationship between derived environmental effect principal
components (Table 5) and soil/environmental parameters for vari-
ous plots across the Amazon. Top panel, first principal component
of the environmental effects versus the first principal component of
the PCA of soil chemical and physical characteristics as derived by
Fyllas et al. (2009) on the basis of data provided by Quesada et
al. (2010). Second panel, second principal component of the envi-
ronmental effects PCA versus mean annual precipitation. Open cir-
cles indicate low fertility sites and the closed circles indicate high
fertility sites as defined by Fyllas et al. (2009).
as well as with foliar 13C/12C ratios as reinterpreted through
the diffusional limitation index,, as defi ed by Eq. (1). We
first consider the bivariate relationships between the struc-
tural components introduced as part of this study as well as
relationships between these structural traits and the others
already presented (Fyllas et al., 2009; Patin˜o et al., 2009),
this then being extended to a consideration of how varia-
tions in these traits coordinate in response to differences in
species and/or environment. Here we emphasise that, as es-
timated within the study, our “environmental effects” reflect
modulation of taxon specific trait values by soils and/or cli-
mate. To this extent they reflect a systematic component of
intra-species variability, i.e. that predictable from where a
particular species is growing, as opposed to a more random
within population component, such as might be expected
when comparing the same species growing nearby under the
same edaphic and climatic conditions. This portion, along
with experimental error is theoretically included in the resid-
ual component of the analysis (i.e., that not accounted for
by the fitted model itself ) which, as shown in Figure 2, can
sometimes be substantial. The extent to which this compo-
nent of trait variation relates to within plot variability in mi-
croclimate or soil characteristics (rather than intrinsic within-
species differences or sampling/measurement error) remains
to be established.
4.1 Bivariate relationships for the taxonomic
component of trait variation
4.1.1 Maximum tree height, branch xylem density and
leaf mass per unit area
These three structural traits have often been associated with
each other with significant positive ρx↔MA correlations
such as for our taxonomic component in Fig. 4 also reported
by Bucci et al. (2004), Ishida et al. (2008) and Meinzer
et al. (2008). Those studies interpreted this relationship in
terms of higher density wood species having lower hydraulic
conductances leading to a requirement for more robust leaves
capable of sustaining more severe soil water deficits. This
notion is supported by more negative osmotic potentials be-
ing reported for the leaves of higher MA and ρx species
(Bucci et al., 2004; Ishida et al., 2008; Meinzer et al., 2008).
On the other hand, it is also the case thatMA tends to increase
with actual or potential (maximum) tree height (Falster and
Westoby, 2005; Kenzo et al., 2008; Lloyd et al., 2010) and
that ρw and Hmax are sometimes negatively correlated (Fal-
ster and Westoby, 2005; van Gelder et al., 2006). This then
implying that ρw and MA should be negatively (as opposed
to positively) correlated as well.
One reason for this apparent contradiction may be that
wood density and xylem vessel traits do not necessarily rep-
resent the same axis of ecophysiological variation (Preston et
al., 2006; Martine´z–Cabrera et al., 2009; Poorter et al., 2010;
Baraloto et al., 2010). For example, decreasing wood density
associated with increasing foliar P concentration and lower
LMA is also likely associated with decreasing investment
in wood physical and chemical defences (Augspurger, 1984;
Putz et al., 1983; King, 1986; Chao et al., 2008), including
resistance against breakage (Romero and Bolker, 2008). One
interpretation of Fig. 4a–c is then simply that tropical tree
species with traits associated with a higher photosynthetic
potential such as a high foliar [P] (Domingues et al., 2010),
also tend to invest less towards wood defensive strategies (but
see Larjavaara and Muller-Landau, 2010).
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Our observation of significant within-species variation in
ρx as illustrated in more detail by Patin˜o et al. (2009) and
also observed for ρw by Omolodun et al. (1991), Herna´ndez
and Restrepo (1995), Gonzalez and Fisher (1998), Weber
and Montes (2008) and Sungpalee et al. (2009), shows im-
portant intraspecific variation in xylem and/or wood density
even within one plot (as also evidenced by the “residual”
term for ρx in Fig. 2) as well as being systematically affected
by soil fertility (Table 5). Thus, although we do not dispute
that xylem traits and ρw/ρx may not necessarily be closely or
mechanistically linked (as discussed above), studies which
simply compare wood density “species values” as measured
in one study or studies with values of ρw/ρx for the same
species but gathered from a completely independent source
(Russo et al., 2010; Zanne et al., 2010) are effectively com-
paring bananas with wombats. Thus, also not employing ro-
bust regression techniques more applicable to such analyses
(McKean et al., 2009) they must under-estimate the actual
significance of any relationship, be it functional or not.
So, does the observation of large diameter xylem vessels
with a high KS also being associated with a greater Hmax
(e.g., Poorter et al., 2010; Zach et al., 2010) mean that the
tendency of mature forests species of a greater Hmax to also
have a lower ρw (Falster and Westoby, 2005; van Gelder et
al., 2006; Baker et al., 2009; Poorter et al., 2009) is indica-
tive of some sort of functional linkage? Or does it more sim-
ply reflect that the fast-growing and light-demanding species
characteristic of “dynamic” tropical forests also tend to have
a lower ρw – this presumably allowing a faster height and
diameter growth rate? On the basis of the discussion above,
we suggest the latter, also noting that ρw is actually gener-
ally better correlated with juvenile light–exposure than Hmax
(van Gelder et al., 2006; Poorter et al., 2009).
The positive relationship between MA and Hmax of Fig. 3a
and as also evident in the data of Falster and Westoby (2005)
can also be inferred from the positive MA vs. tree height
relationships as reported by Thomas and Bazzaz (1999),
Kenzo et al. (2006) and Lloyd et al. (2010). This is also
seen within
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we b -
lieve to be physiologically relevant (s e Supplementary In-
formation), accounted for 0.68 of the total vari nce for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary In ormation
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components f the three major
CPCs and their overlap of traits in di grammatic form. This
illustrates that many traits seem to be “shared”, especi lly
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
FW in the CPC analysis of Table 3, with the
leaves of (potentially) taller trees being thicker (Kenzo et
al., 2006; Rozendaal et al., 2006) with a greater mesophyll
thickness associated with a higher photosynthetic capacity
per unit area (Kenzo et al., 2006). This increase in MA
with tree height being mostly associated with a greater mes-
ophyll thickness should allow for a more efficient use of the
higher rates of insolation towards the canopy top through
higher photosynthetic apacities per unit leaf area (Rijkers
et al., 2000). Along with more negative osmotic potentials,
the greater tissue densities associated with a higher MA and
Hmax shou d also help ustain leaves of such taller trees in
the face of the more severe water deficits expected for sun
exposed leaves higher up in the canopy (C valeri et al., 2010;
Lloyd et al., 2010).
4.1.2 Leaf size, nutrients and 8LS
Species with intrinsically higher foliar nutrient concentra-
tions also tend to be found on more fertile soils (Fyllas et
al., 2009), and so the positive correlation between the taxo-
nomic components of leaf size variation, foliar [N] and fo-
liar [P] observed here (Fig. 6) is consistent with the obser-
vation that Australian tropical forest tree species associated
with poorer soils tend to have smaller leaves than those asso-
ciated with more eutric conditions (Webb, 1968). This was
also found to be the case for south-eastern Australian wood-
land species once precipitation effects were also taken into
account (McDonald et al., 2003). Such a relationship has also
been observed for pre-montane subtropical forest species in
Argentina (Easdale and Healey, 2009) and has been sug-
gested to be a widespread phenomenon (Givnish, 1987) per-
haps being explainable by low N and/or P leaves typically
having lower gas exchange rates than those of a higher fertil-
ity status (Domingues et al., 2010); with associated lower la-
tent heat loss rates due to lower stomatal conductances. This
w uld give rise to a greater rate of sensible heat loss being re-
quir d to void over-heating during times of high insolation
being achieved through the higher boundary layer conduc-
ta ce f smaller leaf sizes (Yates et al., 2010). Alternatively,
and consistent with the general notion of plants growing on
less fertile soils having more conservative growth strategies
(Westoby et al., 2002), smaller leaves may be favoured on
low nutrient soils despite their relatively higher construction
costs. This is because they also have shorter expansion times
with an associated reduction in herbivory losses during this
susceptible phase of foliar development (Moles and Westoby,
2000). If the “heat budget” explanation were to be correct,
then an even better correlation with `A would be expected for
both foliar [N] and [P]. But this was not the case (Table 1)
with both foliar [N] and [P] much more closely correlated
with LA. On the other hand, the relationship between leaf
size and expansion time does not appear to differ strongly
between simple vs. compound leaves (Moles and Westoby,
2000). This suggests that the herbivory hypothesis may be
the more correct.
Although not significant across the dataset as a whole,
there was a significant negative correlation between LA
and ρx for species characteristic of low fertility sites (r2 =
−0.17,p≤ 0.05: Supplementary Information, Table S2B) as
has also been reported for Australian tree/shrub species by
Pickup et al. (2005) and Wright et al. (2007) and for neotrop-
ical forest tree species by Swenson and Enquist (2008), Mal-
hado et al. (2009), Baraloto et al. (2010) and, with a much
lower correlation (r2=−0.02) by Wright et al. (2006). Ex-
actly as to why this should be the case is currently unclear.
Earlier arguments have revolved around not only ρx and KS
being cl sely linked, but also with the assumption that varia-
tions in LA should to a large extent reflect variations in 8LS
(Wright et al., 2006). But, as discussed in Sect. 4.1.1, wood
density and pla t hydraulics may not be as closely linked as
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once thought and, although 8LS is indeed correlated with
LA (Fig. 6), our data do not actually show any appreciable
correlations between 8LS and ρx (Table 1; Supplementary
Information, Table S2B). This suggests that for tropical trees
at least, this correlation may be more “casual” than mecha-
nistic. Indeed, both for the dataset as a whole and for the in-
dividual fertility groupings, ρx was better (negatively) corre-
lated with `A than LA (Table 1, Supplementary Information,
Table S2B). Given that compound leaves are generally asso-
ciated with faster diameter increment species (Givnish, 1978;
Malhado et al., 2010) as is a generally lower ρx (Keeling et
al., 2008) this then suggests that the negative correlation be-
tween laminar size and wood density may just reflect both
traits being associated with faster growth rates. As well as
tending to have lower ρw (Sect. 4.1.2) such species also tend
to exhibit less branching than more shade tolerant species
(Poorter et al., 2006; Poorter and Rozendaal, 2006; Taka-
hashi and Mikami, 2008). Presumably (along with wider
spacings) this allows for larger leafed upper-canopy species
to have greater rates of direct light interception (Falster and
Westoby, 2003).
Increasing MA with decreasing 8LS as shown in Fig. 5
does not seem to have been detected in other studies with
tropical tree species (Meinzer et al., 2008; Zhang and Cao,
2009). Although it is notable that working with a range of
emergent or upper-canopy dipterocarp species, Zhang and
Chao (2009) did find a significant negative relationship be-
tween 8LS and leaf thickness, the latter being associated
with variations inMA with tree height for dipterocarp species
(Kenzo et al., 2006). Sampling across a range of sites in
south-eastern Australia, Pickup et al. (2005) also found a
negative relationship between MA with 8LS but this relation-
ship was, overall, not significant for species sampled within
individual sites. Our own data suggest a stronger linkage of
MA with 8LS than either LA or (indeed even of different
sign) `A. This suggests (as is discussed further in Sect. 4.2)
that this linkage may be mostly related to plant hydraulics
considerations. The positive relationship between `A and
MA may reflect constraints on the range of possible com-
binations of leaf(let) size and MA, with larger laminar areas
necessarily requiring a greater (minimum) MA due to struc-
tural constraints (Grubb, 1998).
Not surprisingly,LA and8LS were related, but with a scal-
ing coefficient of only 0.17, meaning that a greater leaf size
was to a substantial degree compensated for by reduced num-
bers of leaves per unit sapwood area AS. This points to 8LS
being a relatively invariate trait as has also been reported by
others (e.g., Westoby and Wright, 2003). Of note, 8LS was
also correlated with foliar [P] and [N] (Fig. 5), although this
correlation was weaker for LA, especially in the case of fo-
liar phosphorus. But for both nitrogen and phosphorus, the
slope was still positive and close to 1.0. Thus tropical tree
species with larger leaves tend to have not only higher [P] and
[N] (and by implication higher gas exchange rates) but also a
higher 8LS. As there is little evidence of greater diffusional
limitations on gas exchange for such leaves (as shown by the
lack of any significant relationship between 8LS, [N], [P] or
LA with ), this implies that accompanying a higher 8LS
are also increased KS as also observed by Vander Willigen et
al. (2000) for subtropical trees and also by Cavender–Bares
and Holbrook (2001) for a range of Quercus species.
4.1.3 Seed mass
We first note that unlike the other parameters investigated in
this study, seed mass has been resolved only at the genus
level. This is potentially an issue as there are large genera
present in this dataset (e.g. Pouteria, Ocotea and Eschweil-
era) within which there may be a rather broad variation in
seed mass that has the potential to mask causative patterns
reported here (C. Baraloto, personal communication, 2011).
Nevertheless, as is evident from Fig. 1, seed mass varies by
nearly five orders of magnitude which is much greater than
the relative variability even in leaf area. Thus, although it
must be accepted that any causative relationships may well
have been stronger if seed mass had been more accurately
determined, where relationships have been found in this data
there is little reason to suspect that they are an artifact of our
less than ideal species level measurements of S.
Bearing this in mind, we note that, as has been reported
by others, seed mass showed significant positive correlations
with both Hmax (Fig. 3; Foster and Janson, 1985; Hammond
and Brown, 1995; Kelly, 1995; Metcalfe and Grubb, 1995;
Grubb and Coomes, 1997), and ρw (Fig. 4; ter Steege and
Hammond, 2001), although the latter relationship was not
detected by Wright et al. (2006), perhaps because of method-
ological issues (Williamson and Weimann, 2010). Generally
speaking, a greater seed size should confer a greater ability
for survival and thus tend to be favoured under less favor-
able environmental conditions such as deep shade or nutrient
poor soils (Westoby et al., 2002; ter Steege et al., 2006). This
readily provides a basis for indirect correlations between S
and wood/stem density to exist as high values of ρx or ρw are
similarly associated with shade and/or dystrophic soil condi-
tions (Sect. 4.1; Kitajima, 1994). More controversial is the
basis of the relationship between S and Hmax. For example,
the suggestion of Moles et al. (2005) that, by analogy with
Charnov’s life history theory for mammals, larger statured
species may have larger seeds because they require a longer
juvenile period has been contested by Grubb et al. (2005)
who maintain that it is simply the range of feasible seed sizes
that a species can have that increases with Hmax. Moreover,
for tropical trees at least, there is probably little correlation
between juvenile period and Hmax, with faster-growing low-
wood density pioneer type trees attaining greater heights than
their smaller statured shade counterparts and in a shorter time
(Baker et al., 2009). Indeed, by applying a general scaling
model Falster et al. (2008) showed that longer juvenile peri-
ods alone are not sufficient to generate a correlation between
height and seed size. They suggested that size-asymmetric
Biogeosciences, 9, 775–801, 2012 www.biogeosciences.net/9/775/2012/
S. Patin˜o et al.: Tropical tree trait dimensions 791
competition among recruits (i.e. competition for light) may
be the main factor having caused evolution towards larger
offspring size. In this scheme of things, correlations with
adult height come about because larger adults have a greater
total reproductive output, thus generating more intense com-
petition among recruits. That model tested dynamics only
with a single species at a time, but it is likely to still apply
in more complex species systems such as tropical forests,
even though relative size at the onset of maturity is much
more variable for tropical trees species than for animal sys-
tems (Thomas, 1996; Wright et al., 2005). We also consider
it unlikely that simple physical constraints can account for
much of the relationships (also seen in Fig. 3) as even small
statured species can have reasonably large seeds and/or fruits
(for example Theobromba, or many members of the genus
Licania: Prance, 1972). Likewise, wind dispersed species
have both small seeds and a tendency to occur in the upper
canopy strata where higher wind velocities aiding dispersal
are greater (Hughes et al., 1994), one obvious example from
the Amazon Basin being the widespread neotropical species
Jacaranda copaia (Jones et al., 2005).
As was also found by Wright et al. (2006), the study gives
little support for one of “Corner’s rules”, viz. that due to their
mutual dependence on the available supporting twig mass
that leaf size and seed size should be positively correlated
(Corner, 1949). There may be two reasons for this. First, as
pointed out by Grubb et al. (2005) such biomechanical expla-
nations would only be expected to apply where there is little
flexibility in the number of fruits per inflorescence. Second,
as for 8LS (Fig. 5) the ratio of total leaf area to the support-
ing stem mass is to a large degree independent of LA (Wright
et al., 2007). Indeed, if anything, what our data suggest is
that reproductive structures compete with leaves for available
space as there is a nearly significant correlation between 8LS
and S (r2=−0.09,p= 0.07) with this negative relationship
significant for the low fertility species (Supplementary In-
formation, Table 2). Thus, in contrast to vegetation types
from more xeric habitats where leaf areas may be substan-
tially constrained by hydraulic considerations, leaf area per
unit available stem area or mass may actually be constrained
by the requirements for simultaneous allocation of available
carbohydrate to reproductive structures for most tropical for-
est trees. That being consistent with their tropical forest pro-
ductivity being carbon limited as argued by Lloyd and Far-
quhar (2008).
Competition between foliage and developing fruit may
also be the reason for the negative relationship between seed
size and foliar [Ca] shown in Fig. 6, an observation also
made for sub–tropical montane tree species by Easdale and
Healey (2009). It has long been known that calcium is rel-
atively immobile in plants (e.g., Kirby and Pilbeam, 1984)
with high rates of calcium supply to developing fruit essential
for cell wall development and for longer term maintenance
of membrane integrity. Sufficient levels of calcium are also
required to maintain the integrity of the fruit flesh includ-
ing resistance to fungal attack even after abscissed from the
plant (Bangerth, 1979). Due to its immobility, this calcium
accumulation in fruit tissues must occur at the expense of the
leaves, and thus Fig. 6 does not necessarily imply that Ca
itself may be limiting for either reproductive tissue develop-
ment or leaf physiological function. Indeed, the SMA slope
fit of −8.3 suggests that for each doubling of S foliar [Ca]
declines by only about 10 %, a value roughly consistent with
the similar [Ca] in both seed and leaf tissue (as evidenced
from the seed data of Grubb and Coomes (1997)) and with
about 0.1 of total South American tropical forest “soft” lit-
terfall occurring as reproductive organs (Chave et al., 2010).
Even though such a result does not, therefore, necessarily
imply direct effect of Ca availability on tree function, it is in-
teresting to note that species growing on extremely cation
poor spodosols are characterised by relatively small seed
masses as compared to more fertile nearby forests (Grubb
and Coomes, 1997) as well as with leaf photosynthetic rates
showing an apparent dependence of leaf calcium concentra-
tions (Reich et al., 1995). Moreover, for forests on such nutri-
ent poor soils, carbon allocation to photosynthetic organs is
apparently prioritised over that to reproduction (Chave et al.,
2010). This is consistent with neotropical forest reproductive
structure frequency being highly sensitive to soil fertility as
inferred (apparently) from soil nitrogen status (Gentry and
Emmons, 1987), and markedly lower for forests growing on
less fertile soils. Overall, these observations suggest, as also
discussed in Sect. 4.1.2, that foliar and reproductive tissue
development may be in direct competition for either carbon
or available nutrients where soil fertility is low.
4.2 Integration of structural and physiological traits
Although an examination of the various bivariate relation-
ships, as discussed in Sect. 4.1 has hopefully proved infor-
mative, it is also of additional interest to quantify the extent
to which all the various traits examined coordinate in their
variability as a whole. In this respect, PCA was considered
the most appropriate approach, as the first dimension of a
PCA analysis can also be considered (with data normalisa-
tions prior to analysis as undertaken here) as the multivari-
ate equivalent of an SMA model fit (Warton et al., 2006).
We therefore interpret Table 2 as indicating five discrete in-
tegrated trait dimensions of tropical tree function and with
the relative importance of these effects varying between high
and low fertility species. This interpretation is made even
though some of the measured properties such as MA and ρx
are modelled as having significant contributions to several
dimensions. This is argued as reasonable on two counts.
First, variations in some of the traits measured may have
different underlying causes. For example, changes in MA
may be a consequence of variations in leaf thickness, tissue
density or both (Witkowski and Lamont, 1991; Niinemets,
1999; Poorter et al., 2009) and likewise, variations in ρx
could reflect differences in the proportions of gas, air and
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dry matter content (for hydrated tissue) in a wide range of
combinations (Poorter, 2008). Second, as selective pressures
are multiple, it is quite likely that contrasting combinations
of individual traits have evolved for different reasons.
4.2.1
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the thr e major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PDJ: Leaf structural costs and lifespan
Although it is often considered that the primary dimension
of the leaf economic spectrum is th t proposed by Wright t
al. (2004) viz. systematic va iations in rates of photosynthetic
c rbon acquisitions (dry weight basis) b ing linked with fo-
liar dry–weight concentrations of nitrogen, phosphorus, MA
and leaf longetivity, our analysis found that U1 (account-
ing for the greatest component of the total variation in the
dataset) did not involve nitrogen at all, and was actually dom-
inated by leaf cation concentrations and (of opposite sign) a
low carbon content. We suggest that this dimension,
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvect rs selected, all of which w b -
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected f r the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils th t have scores for both PDJ and RW.
Figure 7 shows th major components of the three major
CPCs a d their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rel -
tive to MAis ΦLS. Although with a hig estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationship : environm ntal components
Considering data from both low and high fertility sites to-
gether, Table 3 l sts correlations and SMA slopes for the en-
vironmental effects with this information prov ded i more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the ro labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less t an for the associated slopes for t tax-
onomic c mpon nts as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PDJ,
reflects different plant strategies in terms of leaf construc-
tion costs, with the tendency for low MA in these leaves of
high mineral content presumably attributable to a low tissue
density associated with thinner, less lignified cell walls and
with the higher cations content presumably also balanced by
higher levels of organic acids (Poorter and de Jong, 1999).
Such leaves also being with lower overall construction costs
and less investment of phenols and other carbon rich c m-
pounds in defense (Poorter and Villar, 1997). Presumably
associated with
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does not seem o have been recognised bef re. It is thus here
denoted as PFL.
Overall the five eigenvec ors selected, all of which we b -
lieve to be p ysiologically relevant (se Supplementary In-
formation), accounted for 0.68 of th total variance f r bot
low and high fertility soil species.
The first three axes species scores (normalise to ± 100)
are plotted against each other in Supplem n ary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major compon nts of the three major
CPCs and their overlap of traits in diagrammatic form. T is
illustrates that many traits seem to be “shar d”, especially
MA which is an import nt factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given sp cies) with the results shown in Table 4. This
shows that 0.33 of the total var ation in the 11 traits examined
could be explained by the firs PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a les er extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relation hip betwee plot effect PCAs and
so l/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PDJ are also variations in leaf water rela-
tions. For example, i se ms reasonable to expect that, as-
sociated with lower levels of lignification and reduced tissue
densities, would be rel iv ly more flexible cell walls and a
low bulk modulus of elasticity (Niinem ts, 2001), also with
the h gh cation concentrations, especially potassium making
a substantial contribution (in association with organic acids)
to leaf tissue osmotic potentials (Olivares and Medina, 1992).
These attributes, c mbined with the likely relatively low allo-
cation of carbon resources to defense associated compounds
such as lignin and phenols suggests that in many ways leaves
of species wi h high
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of whi h w be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and h gh f tility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components m del.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for b th PDJ and RW.
Figure 7 shows the major compo ents of the thr e major
CPCs and their overlap of tra ts in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA wh ch is an important facto for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fect correlation m rix (ů2) is also significant, accounting
for 0.25 of the variance, with substan ial negative weightings
for MA, foliar [C] and  ( nd to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contribu ions from ΦLS nd ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are show in Fig. 9. First, the
top panel of Fig. 9 sho s ů1 as a function of the fi st soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated respo se
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F i crea es. Interestingly, Kendall’s τ for this plo of ů1
versus F of 0.63 is greater than for any of the original va i-
ables examined by Fy l s et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of l af-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positiv corr la-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PDJ scores may be able to expand quite
rapidly but also be shorter lived and with more “deciduous
like” characteristics than their lo er
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does not seem to h ve been recognised before. It is thus here
denoted as PFL.
Overall the five igenv ctors s lected, all of which we be-
eve to be phy iologic lly relevant ( ee Supplem ntary In-
formation), ac u ted or 0.68 f the total vari nce for both
low and igh fer ility soil species.
The first thre axes speci s scores ( ormali ed to ± 100)
are plotted against each ther in Supplem ntary Information
Fig. S1. This sho s th required lack f any systematic
correlations between the sp cies scores as expect d for the
output from any good fit of a prin iple c mponents odel.
Clearly a wide range of combinations of these three trait di-
mensions can occ r. But w th Fig. 8a also sh wing that it is
(ge erally speaking) o ly species ty ically associat d with
high fertility oils that have scores for both PDJ and RW.
Figure 7 shows the major components of the hree major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “sh red”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring n ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensi s.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error a part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relat onships: environmental compo e ts
Considering data from both low a d high fertility sites to-
gether, Table 3 list correlations and SMA slopes f r the en-
vironmental effects with this information provided i more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
nomic components as listed i Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation e vironmen al components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical r sponses to the environmen exist for Amazon for-
est. We th refore und rtook a PCA analysis of th full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given pecies) with the results shown in Table 4. This
shows t at 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contribut r and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with ubstantial negative weightings
for MA, fol a [C] and  (a to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but als with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant rel tionships between the PCA site axis
scores of Tabl 4, and previ usly calculated soil and climate
characteristics of the same sites are show i F g. 9. First, the
top pan l of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latt r considered a str g in-
tegrated measure of soil fe tility and de oted F. The strong
relations ip observed sugg sts a str integrated response
of Amazon tropical forest trees to s il fertility, with most nu-
trien s incre sing, d wi f liar [C] nd ρx decreasing as
F increases. Intere tingly, the Kendall’s τ for this plot of ů1
versus F f 0.63 is greater than for any of the origi al vari-
abl s examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 ontains significant weightings of leaf-
level variables that, ind idually, were all strongly correlated
with m a annual precipitation (PA) viz. positive correla-
tions with foliar [C] nd MA and a negative correlation with
foliar [Mg]. It is th refore not surprising, as is shown in the
second panel of Fig. 9, th t ů2 and PA also show strong asso-
ciation, but with xamination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s par ial τ (d n ted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. H e the calculated valu of τp and associ-
ated probabil ty giving an indicati n of the effect of each
soil/environmental par meter after accounting for the ef-
fect of the ther four. Taking int account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we nly consider relationships with p≤ 0.01 or better.
As for the (full) Kend ll’s τ shown in Fig. 9, Table 5 suggests
t e t be superior predictor than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PDJ counterparts (see
also Sobrado, 1986).
4.2.2
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eig nvectors s lected, all of which we be-
lieve to be physiologically relevant (s e Supplementary In-
formation), a counted for 0.68 of the otal v rianc for both
low and high fertility s il species.
The first three axes species sco s (normalised to ± 100)
are plotted ag inst each other in Supplem ta Inf rmation
Fig. S1. This shows the requir d lack of any systematic
correlations between the species scores s expected for he
output from any good fit of a pri ciple components model.
Cle ly a wid range of combinati s of these three trait di-
mensi s can occur. But with Fig. 8 also showing that it s
(g neral y speaking) only species typically associat d with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major comp nents of the three major
CPCs and their over ap of traits in diagr mmatic form. This
illustrates that many traits eem to be “shared”, es ecially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have lso included LA in ( RW ∩
FW), this als showing th it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low nd high fertility sit s to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information pr vided in more
detail (including confidence intervals) in th Supplement ry
Information (Table S2A). As for Table 1, the SMA sl pes re-
flect the relationship y↔x, with th x as the c lumn headers
and the y being the row labels. For the structural traits, the
most significant relationships are all n gative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] a d, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist f r Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results show in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation atrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
fo MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by p sitive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship b tween pl ff ct PCAs and
oil/climat
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculat d soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the fi st soil PCA
axis of Fyllas et al. (2009), the latter considered strong in-
tegrated measure of soil fertility and de ot d F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] nd ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than f r any of the original vari-
ables examined by Fyllas et al. (2009), the hig est of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains sig ificant weightings of leaf-
level variables that, individually, we e all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correl tio with
foliar [Mg]. It is therefore not su prisin , as i shown in t e
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also su gesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as function of F, T, Ta, Pa and Qa
in Table 5. Here the calculat d value of τp and associ-
ated probability giving an indicati n of the effect of e ch
soil/environmental p rameter after accou ting for the ef-
fect of the other four. Taking into account to the potential
co founding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW: an extension of the classic “leaf economic
spectrum”
Our second identified CPC,
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does not seem to have been recogni d before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary I -
formation), accou ted for 0.68 of th total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any syst matic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also sh wing that it is
(generally speaking) o ly s ecies typically associated with
high fertility soils that have s ores for both PDJ and RW.
Figure 7 shows the major compo ents of the thr e major
CPCs an their overlap of traits in diagramm tic fo m. This
illustrates that ma y traits seem to be “shared”, specially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) an of the
same sign is [C], but with [P] a d [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in th same direction rela-
tive to MAis ΦLS. Although wit a high estimated s ndard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to M and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
howev r, much less than for the asso iated slopes for the tax-
onomic components as list d in Table 1 (−0.37 t −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variati n in the 11 traits ex mined
could be explained by the first PCA xis (ů1) with ρx an im-
portant contributor and this also r lating positiv ly to foliar
[C] andMA, but negatively with all foliar nutrients examine
and also with . The second axis of the PCA on the pl t ef-
fects correlation matrix (ů2) is also significant, accounti g
for 0.25 of the variance, with substantial negative weightings
for MA, fo iar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weight s for foli r [Mg] in par-
ticul r, but also with contribu ions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationship between the PCA site axis
scor s of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tion with foliar [C] and MA and a negati e correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examin tion of Table 4 als suggest ng that
for an en spec es, both ΦLS and ρw also decline with
increasing recipi ation and, s mewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW s that usually consider d
to be the principal dimension of the l af economic spec-
tru (Wright et al., 2004), some aspects of which have also
b en presen ed for tropical forest tree species (Sandquist
and Cordell, 2007; Santiago and Wright, 2007; Fyllas et
al., 2009; Baltzer and Thomas, 2010; Baraloto et al., 2010;
Domingues et al., 2010). Although w did not measure
the photosynthetic or respiratory com onents, our analysis
d es suggest th t for tropical forest sp ies, LA should also
be included as part of
S. Patin˜o et al.: Tropical tree trait dimensions 7
do s not seem to have been r ogn sed before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see S pplementary In-
formation), accounted for 0.68 f the total variance for both
low and high fertility soil specie .
The first three axes sp cies score (norm lised to ± 100)
are plotted against each other in Supplement ry Information
Fig. S1. This shows the requir lack of any systemati
correlations between the species score as expect d f r the
output from any good fit of a principle compon nts mod l.
Clearly a wide range of c mbinations of these three trait di-
mensions can occur. But with Fig. 8a so h wing th t it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overl p of trai s in diagra matic form. This
illustrates that many trait eem to be “shared”, es ec ally
MA which is an important factor f r all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) an of the
same sig is [C], but with [P] and [Mg] varying in opposite
direc ions w th respect to MA for these two r it dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion re ative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationshi s: environment l components
Considering data from both low and high fertility sites to-
gether, Table 3 li t correlations and SMA slopes for th en-
vironmental effects with this infor ation provided i m re
detail (including confidenc intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the colum headers
and th y being the row labels. For the structural trai s, the
most significant r lation hips are ll egativ and app ar be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes or the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
ny given species) with the results shown in Table 4. This
sh ws that 0.33 of the total variation in the 11 traits examined
could be xplained by the first PCA axis (ů1) with ρx an im-
portan contributor nd this also relating p sitively to foliar
[C] dMA, but negatively with all f liar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also ignificant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  ( nd to a lesser xtent foliar [P])
being balanced y positive w ightings for foliar [Mg] i par-
ticular, bu also with contributions from ΦLS and ρx.
3.8 Relationship between pl ffect PCAs and
soil/climate
The most s gnificant relatio ship between t e PCA sit axi
scores of Table 4, and prev ously calculated soil and climate
character stics of the same sites are show in Fig. 9. Firs , the
to pan l of Fig. 9 sh ws ů1 as a func ion f the first soil PCA
axis of Fyllas et al. (2009), latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated resp nse
of Amaz tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW, effectively incorporating the
relationships between LA and foliar [N] and/or [P] status
(Fig. 6) within this dimension. Such an involvement of LA
in the classic resource acquisition/utilisation spectrum has
also bee suggested from a data an lysis involving 29 sub–
tropical montane tree species across 12 ha of permanent sam-
ple plots in Tucuma´n, Argentina (Easdale and Healey, 2009).
Although not considered significa t on the basis of penalty
corrected p–v ues, correlat ons b twee leaf size and [N]
and [P] of a simil r strength to that reported here ( hence
included as part of
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores f r both PDJ and RW.
Figure 7 shows the major compone ts of the three major
CPCs and their overlap of traits in diagrammatic f m. This
illustrates that many traits seem to be “shared”, especially
MA which is an import nt factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this als showing t at it varies in the opp si e direc-
tion relati e to MA and ΦLS f r RWcf. FW.
3.6 Bivariate relationsh ps: environmen al components
Considering dat from both lo and high fertility sites to-
gether, Table 3 lists correl tion and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
I formation (Table S2A). As for Table 1, the SMA slopes re-
fl ct the relationship y↔x, ith t x as the c lumn he ders
and the y being the row lab ls. For the structural traits, the
most significant relatio ships are a l n gative and appear be-
tween ρx and log10[P], l g10[C ], log10[K] d, t a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) ar ,
however, much less than for the assoc ted slop s for the tax-
onomic components as listed n Table 1 (−0.37 to −0.72).
3.7 Principal co ponent analysis of environm ntal ef-
fects
Especially give t e strong relationships etween ρx and the
foliar cation environ ent l components (Fig.8) , it as of
additional interest t see if coordi ated structural/leaf bio-
chemical respons to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excludi g Hmax and S both of
which wer consid red to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with ean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Fi ally, as in Fyllas et al. (2009) we show values for
Kendall’s p rt al τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental param ter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW) were also reported for tropical for-
est leaves sampled across a range of soil substrates in French
Guiana (Baraloto et al., 2010). They c nclud d, however,
that LA was not closely linked with either [N] or [P]. This
c uld be for several reasons. First, their sampling strategy
covered a range of (undefined) soil types and as discussed in
Sect. 4.3, thes are likely to have modula ed foliar nutrient
leve s but no LA. Second, our sampling has covered a mu h
ider ange of envir nm nts and soils, presumably bring-
ing wider species–level variation into the dataset as whole.
Thirdly, our analysis shows the LA is also an important com-
on t of
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does not seem to have been rec gnised before. It is t us he
denoted as PFL.
Overall th five eigenvectors selected, all of which we be-
lieve to be p ysiologically relevant ( e Supplementary In-
formatio ), accounted f r 0.68 of the to al varia ce f r bo
low and high fertility soil sp cies.
The first three axes species scores ( ormalis d to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soi s that h ve scores for both PDJ and RW.
Figure 7 shows the major components o t e thr e major
CPCs and their overlap of tr its in diagrammatic form. This
illustrates that many traits seem t b “shared”, especially
MA whic is an important fac or for ll three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
dir ctions with respect to MA for th se two trait dimen ions.
Intersec ing RW a d FW and in the same direction rela-
tive to MAis ΦLS Although with a high estimated standard
error a pa t of FW, we have also included LA in ( RW ∩
FW), this also showing that it aries in he pposite direc-
tion relative to MA and ΦLS f r RWcf. FW.
3.6 Bivariate r lation hips: environmental mponents
Consid ring data fro bot low and high fertility sites to-
gether, Tabl 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (includi g confidence intervals) in the Supplementary
Infor ation (Table S2A). As f r T ble 1, the SMA lopes re-
flect he relationship y↔x, with the x as the column headers
a d e y being the row la els. For e structural traits, th
mos sign fic t relationships are ll negat v nd appear be-
tween ρx and log10[P], log10[C ], log10[K] and, o a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for th t x-
onomic comp nents as li ed i Table 1 (−0.37 to −0.72).
3.7 Princ pal com on nt aly is of env r nm ntal ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environme tal c mponents (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the enviro ment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both f
which were considered to be nvironmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is als significant, accounting
for 0.25 of the variance, with substantial neg tive w ight ngs
for MA, foliar [C] and  (and to a les er xtent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but als with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given speci s, b th ΦLS and ρw also decline with
increasing precipita ion and, somewhat counter intuitively,
ith  i creasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confoundi effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
FW. Thi ean that considered i simple bivari-
te relatio ships such as with leaf size, relationships may be
less clear t an when examined in conjunction with additional
c variat as done here.
Also id ntified as part of
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does not seem to have been recognised before. It is thus here
enoted as PFL.
Overall the fiv eigenvectors elected, all of whic we be-
lieve t b physiologically relev nt (see Suppl mentary In-
formation), accounted f r 0.68 of the total variance for b th
low and high fertility soil species.
The first three axes species cores (norma sed to ± 100)
are plotted against each other in Supplem ntary Information
Fig. S1. This shows the required lack of a y systematic
correlations between the species scores as expected for the
output from any good fit of a principle components odel.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high f rtility soils that ha e sc r s for b th PDJ nd RW.
Figure 7 shows th maj r com onents of the three major
CPCs and their overlap of t aits in diagram atic form. This
illustrates that m ny traits seem t be “shared”, especially
MA whic is an important factor for ll t e of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] a d [Mg] varying in opposite
directions with res ect to MA for these two trait dimension
Intersec ng RW and FW and in th same direction rela-
tive to MAis ΦLS. Although with high estimated st ndard
error as part of FW, w have also included LA in ( RW ∩
FW), this lso howing hat it varies in the opposite direc-
ion relative t MA and ΦLS f r RWcf. FW.
3.6 Bivariate relationships: environmental components
Consideri g data from both low and high fertility sites o-
gether, Table 3 lists corr lations and SMA slopes for the en-
vir nmental effects with this information prov ded in more
detail (including confidence intervals) i the Supplementary
Information (Table S2A). As for Table 1, t SMA slopes re-
flect th relationship y↔x, with the x as th c lumn hea ers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
twee ρx and log10[P], log10[Ca], lo 10[K] and, to a lesser
extent log10(`A). T e slopes observ d (−0.26 to −0.41) are,
however, much l ss than for the associated slopes for the tax-
onomic co ponents as listed in Ta le 1 (−0.37 to −0.72).
3.7 Principal component analysis of environm ntal ef-
fects
Espe ially given the strong r lationshi s between ρx and the
foliar cati n environmental components (Fig.8) , it as of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the envi onment exist for Amazon for-
e t. We therefor undertook a PCA analysis of the ful plot
ffects corr lation matr x (excluding Hmax and S both of
which were considered to be environmentally nvariant for
any given species) with the results shown in Table 4. This
s ows that 0.33 f the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contri utor and this also relati positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also ith . The sec nd axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relation hip betw en plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are sh wn in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a functio of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, t e Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mea annual precipitation (PA) viz. positive correla-
tions wit foliar [C] and MA and a negative correlation with
foli r [Mg]. It is herefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
i creasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environme tal parameter after accounting for the ef-
fect of the ot er four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW was 8LS, this being consis-
tent ith the g neral trend of 8LS to increases with increas-
ing LA (Fig. 5d). Especially as there was little contributio
of  to thi dimen on (Table 2), this suggests, other things
being qual that t es with a higher
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does not seem to have be n recognised before. It is thus here
denoted as PFL.
Ov r ll the five eige ve t rs selected, all of which we be-
lieve to be physiol gically relev nt ( ee Supplement ry In-
formati n), accounted for 0.68 the total variance for both
low and hig fertili y oil species.
The first ree ax s species scores ( or alised to ± 100)
are pl t d against e h other in Suppl mentary Info mation
Fig. S1. This shows the required lack of any systematic
correlations between the s ecies scores as expect d f r th
output from any ood fit of a principle components mod l.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) o ly species typically associated with
high fertility s ils that have cores for both PDJ nd RW.
Figure 7 shows t major compo ents of th thr e major
CPCs and their overlap of traits in dia rammatic f rm. This
illustrates t at a y traits seem to e “shared”, espec ally
MA whic is n important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sig is [C], but with [P] and [Mg] varying in opposite
d rections with respect to MA for these two trait dimensions.
Intersecting RW a FW and i the same direction rela-
tive to MAis ΦLS. Altho gh with h gh estimated standard
error s part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
ion r lative t MA and ΦLS for RWcf. FW.
3.6 Bivariate r lation hip : environmental components
Consider ng data fr m both low and hig fe ility sites o-
g ther, T bl 3 ists correlat ons and SMA slope f r the en-
vi onm ntal effects with this inform tion provid d in more
detail (including confidence int rvals) the Supplementary
I formation (Table S2A). A f r Table , he SMA slop s re-
flect he relati nship y↔x, with the x as the column headers
and th y being the row lab s. F r the structura traits, the
o t significa t r lationships are all n ga ive and app be-
twe n ρx and log10[P], log10[Ca], og10[K] and, to a lesser
exten log10(`A). The sl pes obse ved (−0.26 to −0.41) are,
however, muc less than for th associ ted slop for the tax-
o omic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component an lysis f environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
ffects correl tion matrix (excluding Hmax and S both of
hich were consi ered to be environmentally i variant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation i t e 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and a so with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
bei g balanc d by positive w ightings for foli r [Mg] in par-
ticular, b t lso with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores f Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top anel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fy las et al. (2009), the l tt r considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong i tegrated response
of Am zon tropic forest trees to soil fertility, with most nu-
trients increasing, and with oliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater t an f r any f the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 f r foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 cont i s significant weightings of leaf-
level vari bles that, i ividually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
seco d panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as i Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confou ding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW should also have
inc eased rat s of water tran port per unit AS.
Also f note (though of lesser significance than the above)
w s the i re s in both MA and [Mg] with decreasing
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does not seem to have been recognised before. It is thus here
denot d as PFL.
O r ll the five eigen ctor selected, all of which we be-
li ve to be physiol gically relev nt (se Supplementary In-
rmat o ), acco nted for 0.68 o the total variance for both
l and high fertility s il specie .
The fir t three ax species cores (norm lised to ± 100)
are plott d gainst each ther in Supplementary Information
Fig. S1. T is s ows t requir d lack of any systematic
correlations betw en the species scores as expected for the
ou put f om any good fit of a principle compon nts model.
Clearly a wide ange of combinations of these three trait di-
mensions can occur. But with Fig. 8a also sh wing that t is
(generally speaking) only species typically as ociated with
gh fer ili y soils that have scores for both PDJ and RW.
Figure 7 sho s the major compo ents of the thr e major
CPC and thei overlap of traits in diagrammatic form. This
illustrates t at many traits seem to be “shared”, especially
MA which is an i portant factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of th
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW a d FW and in the sam direction rela-
t ve to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also sh wing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivari te relati nships: enviro mental components
Consid ring d t from both low nd high fertility sites to-
gether, Table 3 lists correl tions and SMA slopes for the en-
vir nm ntal effects with this information provided in mor
d tail (includi g confidence ntervals) in the Suppl m tary
Informa io (Table S2A). As for Table 1, the SMA slopes re-
flect th relationship y↔x, with the x a the column headers
and the y bei g the row lab ls. For the structural traits, the
most significa t rela ionships are al negative and appear be-
tween ρx and l g10[P], lo 10[Ca], og10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much l s han f the associated slopes for the tax-
nomic components s listed in Table 1 (−0.37 to −0.72).
3.7 Pr ncip l component analysis of environmental ef-
fects
Especial y given the strong relationships between ρx and the
foliar cation enviro mental components (Fig.8) , it was of
additional in erest to see if coordinated structural/leaf bio-
chemical resp nses to the environme t exist for Amazon for-
est. We therefore undertook a PCA an lysis of the full plot
effects correlation matrix (excluding Hmax and S both of
whi h were considered to be environmentally invariant for
any given species) with the results sh wn in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but neg tiv ly with all foliar nutrients examined
and also with . The cond axis of the PCA on the plot ef-
fects c rrelation matrix (ů2) is also significant, accounting
for 0.25 of th variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticula , but also with contributions from ΦLS and ρx.
3.8 Relations ip between plot effect PCAs and
soil/climate
T e most significant relationships between the PCA site axis
scor s of Table 4, and previously calculated soil and climate
charact ristics of the sam sites are show in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a functi of the first soil PCA
xis f Fyll s et l. (2009), the latter considered a strong in-
tegra ed measure of soil fertility and denoted F. The strong
r lationship bserved suggests a strong integrated response
of Amaz n tro ical forest tr es to soil fertility, with most nu-
t i nts i creasing, and with foliar [C] and ρx decreasing as
F increases. Inter stingl , the Kendall’s τ for this plot of ů1
versus F of 0.63 is great r t a for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also show that ů2 contains significant weightings of leaf-
level variable that, i dividually, ere all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a egative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
sec d panel f Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Ke dall’s parti l τ (denot d τp) f r all traits of interest as
well s ů1 and ů2 as f ctions of F, T, Ta, Pa and Qa
in Table 5. Here the calculat d value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW.
The former is, of cours , well documented and, for woody
plants at least, seems to be associated with an in reased fo-
liar ti sue d nsity rather than changes in leaf thickness (Ni-
inemets, 1999; Poorter e al., 2009) a d with a concurrent re-
duction in photosyn hetic nutrie t fficiency wh n expresse
on a dry weight basis (Niinemets, 1999; Domingu s et al.,
2010). On possibility to account for thi is lo internal con-
ducta es to CO2 tr n fer for higher MA spec e (Lloyd e
al., 1992; Syverts n et al., 1995; Warr n a d Adams 2006),
as perh ps evi enced by small b t s gnificant p sitive con-
tributio in  to this dimension (0.014± 0.05: T bl 2). Al-
t rnatively, relatively or nitrogen b ing allocat d to c ll
walls of low
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does not see o have een recognised befor . I is thu here
denoted as PFL.
Overall the five eigenvectors sel cted, all of w ich w be-
lieve be physi logically relevant (s e Sup l me tary In-
formation), accounted for 0.68 of th total variance f r both
l w nd high fertility so l species.
The first th ee axes specie cores (n alised to ± 100)
are plotted g inst e ch other in Supplem ntary Infor ati n
Fig. S1. Th sh w the required l ck f any s stematic
corr l ons be ween th species scores as expected f the
output fro any good fit of a principle com onents model.
Cle rly a wide range of c mbinati s of these thr e trait di-
mensions an occur. But with Fig. 8a also show ng that it is
(g n rally speaking) only pecies typic lly associated with
high fertility soils that have s ore for bo PDJ an RW
Figure 7 shows the maj r compon nts of th three major
CPCs a d their overlap of traits in i gr mmatic form. Thi
illustrates that any tr its s e to be “ har d”, espec ally
MA whi h is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW n FW and in the same directio r la-
ve to MAis ΦLS. Alt ough with a high stim ted tandard
err r as part of FW, we ave al i clud d LA in ( RW ∩
FW), this al o showi that it varies in the opposite dir c-
tion relative t MA and ΦLS for RWcf. FW.
3.6 Bivariate relationshi s: environme tal components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and th y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tw en ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic compon ts as listed in Tabl 1 (−0.37 t −0.72).
3.7 Principal component analysis of environmental ef-
f cts
Especially given the s rong relati nships between ρx and the
foliar cation envir nmental components (Fig.8) , it w s f
additional interest to see if coordinated structural/leaf bio-
chemical respon es to the environment exi t for Amazon for-
est. We therefor undertook a PCA analysi of the full plot
e fects correla ion matri (excluding Hmax and S both of
whic were considered to be environmentally invariant for
a y giv n species) wit the results s own in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explai ed by the first PCA axis (ů1) with ρx an im-
port nt contributor a d this also r lating positively to foliar
[C] andMA, but negatively with a l foliar nutri nts examined
and also with . The second axis of the PCA on the plot f-
f cts correlation matrix (ů2) is also signifi ant, ccounting
for 0.25 of the vari ce, with s bstantial negative weightin s
for MA, foliar [C] and  (and to a lesser e t nt foliar [P])
being balanced by positive weightings for folia [Mg] in pa -
ticular, but also with contrib s from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
ch acteristics of the s me sit s are shown in Fig. 9. First, the
to panel of Fi . 9 shows ů1 as a function of th first soil PCA
axis of Fyllas et al. (2009), the latter co si ered a strong in-
tegrated measure of soil fertility and de oted F. The strong
relationship observed suggests a strong i tegrated response
of Amazon tr pical forest trees to soil fertil ty, wi h most nu-
trien s increasing, and with foli r [C] and ρx dec e sing as
F creases. Interestingly, th Kendall’s τ for this plot of ů1
versus F of 0.63 is reater than for any of the original vari-
ables examined by Fyllas t al. (2009), the highest of w ich
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that t ů2 contains significant weighti gs of leaf-
leve v riables at, i dividually, were all strongly correlated
with mean annual precipit (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
seco d panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increa ing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
w ll as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW species (Onoda et al., 2004; Takashim et
al., 2004), much of which w uld be expected to be in the
form of defe se related proteins (Feng et al., 2009). The de-
crease in [Mg] with higher values of
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does not eem to have be n recognised before. It is thus here
d noted s PFL.
Ov rall th five ei enve t rs selected, ll of whic w b -
lieve to b physiolog c lly relevant (see Supplementary In-
formation), ccounted for 0.68 of the total variance for both
low high fertility so l s cies.
Th first three axes species scores (normalised to ± 100)
are plot ed again t each ther in Supplementary Informatio
Fig. S1. This s ows t required lack of any syst atic
corre ation betw en the species cores s exp cted for the
output from any good fit of a principl compon nts model.
Clearly a wide range of com inations of th se three trait di-
mensions can occur. But with Fig. 8a al o showing that it is
(generally speaking) only species typically ssociated with
high fert lity soils that h ve s ores for b th PDJ and RW.
F gure 7 shows the major compone ts of the three major
CPCs a th ir ove lap of traits in diagrammatic form. This
illustrates that many aits seem to be “s ared”, especially
A which is an important factor for all three of PDJ, RW
and FW. Also occurri g in ( PDJ ∩ RW) and of th
sa e sig i [C], but with [P] a d [Mg] varyi g i op osite
directions with spect t MA for these tw trait dimen ions.
Interse ting RW nd FW a d in the same direction rela-
tive to MAis ΦLS. Although with a h gh estimated standard
error as part of FW, w have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
ion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: enviro me tal components
Co sidering data from both low and high fertility sites to-
gether, le 3 lists correl tions SMA slopes for the en-
vironment l effects with this informat on pr vided in more
det il (inclu ing confide ce intervals) in the Supplementary
Information (T ble S2A). As T ble 1, the SMA slopes re-
flect the relationship y↔x, with th x s the column headers
and the y b ing the r w labels. For the structural traits, the
m st significant relationships are ll n gative and appear be-
twee ρx and log10[P] log10[Ca], log10[K] and, to a lesser
extent l g10(`A). The slopes observed (−0.26 to −0.41) are,
howev r, muc less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given t e stro g relationships between ρx and the
foli r cation envi onmental components (Fig.8) , it was of
additional i terest to see if coordinated structural/leaf bio-
chemical responses to he envi onment exist for Amazon for-
est. We therefo e undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and als with . The sec nd axis of the PCA on the plot ef-
fects correlati n matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relation ip between plot effect PCAs and
soil/climate
The most signific nt relationships between the PCA site axis
scor s of Table 4, and previ usly calculated soil and climate
characteristics f the same sites are shown in Fig. 9. First, the
top pan l of Fig. 9 shows ů1 as a functio of the first soil PCA
axis of Fyll et al. (2009), the latter considered a strong in-
tegrated me sur of soil f rtility nd denoted F. Th strong
relationship observed s ggests a strong integrated response
of Amaz n tro ical forest tre s o soil fertility, with mo t nu
tri nts incr asing, a d with foliar [C] and ρx decreasing as
F incr ases. I erestingly, the Kendall’s τ for this plot of ů1
v rsu F of 0.63 i greater than f r ny of he original vari-
ables exami d by Fyllas e . (2009), the highest of which
w s 0.56 f r f lia [P]. Comparison w th Fyllas e al. (2009)
al o shows th t th ů2 contai s sign ficant weighting of l af-
level variables th t, indiv dually, were all strongly correlat d
with mean annual precipitation (PA) viz. positive correla-
ti s with foliar [C] and MA and a negativ correlation with
foliar [Mg]. It is therefore ot surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, s in Fyllas et l. (2009) we show values for
Ke all’s partial τ (denoted τp) for all traits of interest as
well s ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ted probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect f the other four. Taking into account to the potential
onfounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW does not seem to
have been reported before and may be related to its role as
a coordin tion compound within the chlorophyll molecule.
This is because, in the absence of variation in the within-
canopy light regime, leaf chlorophyll contents should be rel-
tively conserved on an area (as oppossed to mass) basis (Ri-
jkers et al., 2000, Lloyd et al., 2010), this giving rise to at-
tendant reductions in mass based magnesium co centr tions
as MAdecreases.
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
FW: tree height and light acquisition
Unlike the previous two dimensions considered,
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does not seem to have been r cognised before. It i thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high f rtility soils th t hav scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated sta rd
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivaria e relationships: environmental components
Consi ering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (inclu ing confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the r lationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tw en ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slope observed (−0.26 to −0.41) are
however, much less than for the associated slopes for the tax-
on mic components s listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx a d the
f liar cation environm ntal components (Fig.8) , it was of
additional interest to s e if coordinated structural/leaf bio-
chemical resp nses to the environme t exi t f r Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
nd also with . The second axis of the PCA on the plot ef-
fects c rrelation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most ignificant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
char cteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated meas re of soil fertility and denoted F. The strong
relationship ob erved suggests a strong integrated response
f Amaz n tropical forest trees to soil fertility, with most nu-
trients i creasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
al o shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tion with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
econd panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
w ll as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
i Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confoundin effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to b superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
FW does
not involve foliar nutrient concentrations, but incorporates
into one dimension variations in Hmax, 8LS, , MA and to
a lesser extent ρx. This linkage is most likely through the
hydraulics/plant height considerations already discussed as
part of Sect. 4.1.1 and 4.1.2. That is to say, as Hmax in-
creases, a suite of trait adjustments occur; these including
a reduction in 8LS with estimates of  also suggesting that
leaves with a high Hmax also tend to operate at a lower ci/ca.
As it seems likely that the higher MA with increasing Hmax is
mostly attributable to increased leaf/mesophyll thickness and
henc increases in photosy t etic capacity p r unit leaf area,
max (Sect. 4.1.1), this reduction in ci/ca may be attributable
to st matal capacity increasing less with Hmax than should
Amax. Such a tendency to operate at lower ci/ca would also
help to conserve water for species more likely t be higher–
up in the canopy and hence exposed to high r levels of inso-
lation and an associated greater evaporative demand (Lloyd
et al., 2010).
Although Hmax was not determined in their study, many
of the above measured and/or inferred traits, viz. 8LS and
Amax, were found to co-vary in a similar manner as for
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (s e Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and hig fertility soil species.
The first hr e axes species scores (normalised to ± 100)
are plott d against each other in Supplementary I formation
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any go d fit of a principl compon nts model.
Clearly a wide range of combinations f these thr e trait di-
e sions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertil ty soils that ha e scores for both PDJ and RW.
Figure 7 sho s the major components of the three major
CPCs and their verlap of traits in diagrammatic form. This
illustrate that many traits s em to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW a d FW and in the same direction rela-
tive to MAis ΦLS. Althou h with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: e vironmental comp nents
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
ch racter stics of th same sites are shown in Fig. 9. Fi st, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tro ic l forest trees to s il fertility, with most nu-
trients inc easing, and with foliar [C] and ρx decreasing as
F i crea s. Interestingly, he Kendall’s τ for this plot of ů1
versus F f 0.63 is greater than for any of the original vari-
abl s examine by Fyllas et al. (200 ), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level v riables that, individually, we all trongly correlated
with mean a nual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
FW
across a range of tropical forest trees in Panama by Meinzer
et al. (2008). Though in that case, variations in ρx were con-
sidered of key importance in terms of trait coordination, es-
pecially through linkages to plant hydraulic parameters such
as KS. Our observed contribution of ρx is likewise signifi-
cant (−0.22±0.10), though as discussed in Sect. 4.1.1 taken
across a wide range of species and sites the strong relation-
ship between ρx and/or ρw and KS as obse ved by Meinzer
et al. (2008) and also in some other studies (e.g., Santiago et
al., 2004a) may not necessarily always apply.
Interestingly, in con rast to
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does not seem to have been r cognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we b -
liev to be physiol gically relevant (s e Supplementary In-
formation), account d for 0.68 of the total variance for both
l w and high fertility s il speci .
The first three axes speci scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagram atic fo m. Thi
illustrates that many traits seem to b “ h red”, especi lly
MA which is an impor a t factor for all hr f PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx a im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
f cts correlation matrix (ů2) is also significant, ccounting
for 0.25 o the vari nce, with subst ntia neg tive weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in p r-
ticular, but also with contributi ns from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW, variations in 8LS were
not accompanied by co mensurate changes in LA. Indeed,
if anything, LA te d to increase with decre sing 8LS as
Hmax increases within
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does not seem to have been recognised before. It is thus he e
denoted as PFL.
Overall the five eig nvectors selected, all of which we be-
lieve to be physiologically relevant (se S pple e tary In-
formation), accounted for 0.68 f the total variance for both
low and high fertility soil species.
The first three axes species scor s (n rmalised to ± 100)
are plotted against e ch other in Supple entary Information
Fig. S1. This shows the required lack of any systematic
correlations betwee the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have score for bo h PDJ nd RW.
Figure 7 shows the major components of the three major
CPCs and their overlap f traits in diagrammatic form. This
illustrates that many traits seem t be “share ”, esp cially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies i the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from b th low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Informati n (Table S2A). As for Table 1, the SMA slopes re-
flect the r lationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative an ap ear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relatio ships b tw en ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structur l/leaf bio-
chemical responses to the environm nt exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results sh wn in Table 4. This
shows that 0.33 of the total variation in the 11 traits examin d
could be explained by the first PCA a is (ů1) with ρx an im-
por ant contributor and thi also re ating po itively to foliar
[C] andMA, but neg tively with all foliar nutrie ts examin d
and also w th . The second xis of the PCA on the plot ef-
f c s c rrelation m trix (ů2) is lso ignificant, accounting
for 0.25 of the v r ce, with substantial egative weighti gs
for MA, foliar [C] nd  (and t a less r xtent foliar [P])
being bal ce by p sitive w ightings for foliar [Mg] in par-
ticular, bu so with contr butions fr ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/clima e
The most sig ificant relationships betwee the PCA site axis
scores of Table 4, nd previously calcul ted s il and climate
characteristics of the same sites are shown in Fig. 9. First, t
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), th latt r con ider d a strong in-
tegrated measure of oil fertility and denoted F. The strong
relationship observed suggests a strong i tegrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, an with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kend ll’s τ for this plot of ů1
versus F of 0.63 is greater tha for any of the original vari-
ables examined by Fyllas et al. (2009), th highest f which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that t e ů2 contains significant w i htings of le f-
level variables that, individually, were all stro ly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with f liar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second pan l of Fig. 9, that ů2 and PA also show stro g asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, s in Fyllas t al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 a d ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here t calculated value of τp and associ-
ated probability giving an indic tion of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the ther four. Taking into account to the potential
confounding effect of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) K ndall’ τ shown in Fig. 9, Table 5 suggests
the to b superior predictors than th individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
FW. Thus, we find integrated to-
gether within
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does not seem to have be n reco nised befor . It is thus here
denoted as PFL.
Overall the five eigenvectors s lect d, all of which we be-
lieve to be physiologically relevant (see Supplementary I -
formation), accounted for 0.68 of the total varianc f r both
low and high fertility soil speci s.
The first three axes species scores (normalised to ± 100)
are plotted a ainst eac other in Suppl mentary Inf rm tion
Fig. S1. This sh w the required lack of any sy t matic
correlations between the species sc res as expected for the
output from any good fit of a prin iple comp nents model.
Clearly a wide ra ge of combinations of these three trait di-
mensions can occur. But with Fig. 8a also how ng that it is
(generally speaking) only species typically associated with
high fertility soils that ave scores for both PDJ a d RW.
Figure 7 shows the maj r comp nents of the three major
CPCs and their overlap of traits in diagra matic fo m. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [ g] varying in pposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data fr m both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this i format on provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being t e row labels. For t e structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slop observed (−0.26 to −0.41) are,
however, much less than for the associated slop s for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the stro g elatio ships betwe ρx and the
foliar cation environmental c mponents (Fig.8) , it was of
additional interest to see if co rdinate structural/lea bio-
chemical r pons s to the environment exist for Amazon for-
est. We ther fore und rto k a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the r s lts shown in Tabl 4. Thi
shows that 0.33 of the tot l variation in the 11 tr it examined
could be explai ed by the fi st PCA axis (ů1) with ρx an m-
port nt contributor and this also r ting positively to foliar
[C] andMA, but nega ively with all foliar nutrie ts examined
and l wi h . The second s of the PCA on the plot ef-
fects correlat on matrix (ů2) is also sig ific , accounting
for 0.25 of the v riance, with substa ti l negativ weightings
for MA, folia [C] and  (and t a lesser extent foliar [P])
be balan ed by pos tive weightings for fo iar [Mg] in par-
ticular, but also with c tributions from ΦLS and ρx.
3.8 Relationship betw en plot effect PCAs and
soil/climate
The most ignificant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
op panel of Fig. 9 shows ů1 as a functi n of he first s il PCA
axis of Fyllas et al. (2009), the latter considere a s rong in-
tegrated measure of soil fertility and de oted F. The st ong
relationship observed suggests a trong integrated response
of Amazon tropical forest trees to soil fert lity, with most nu-
trients increasing, nd with fol ar [C] and ρx decreasing a
F increases. Interestingly, the K ndall’s τ this plo of ů1
versus F of 0.63 is greater than for a y of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparis with Fyllas et al. (2009)
also shows that the ů2 contains sign fic nt weighting of leaf-
level variables that, individually, were all strongly correlated
with mean a nual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is theref re not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with exami ation of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Fi ally, as in Fyll s et al. (2009) we show value for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functi ns of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability givi g an i dic tion of th effect of each
soil/environmental parameter after accounting f r he ef-
fect of the ther four. Taking into ccount to th potential
confounding effects f spatial autocorrelation (Fyllas et al.,
2009) we nly consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown i Fig. 9, Ta le 5 suggests
the to be superior pr dictors than the individual variables,
e only exception being Ta. In that ca , [N], [K] and ρw
all show r lationships not pres t when regressing the plot
effect PCs as dependent variables.
FW the tendency of pote tially taller trees to
have fewer but larger leaves than their more vertically chal-
lenged counterparts. But with a lower 8LS overall. This
lower 8LS presumably serves to help maintain favourable
water relations by cou teracting greater resistances in the
hydraulic pathway for potentially taller trees. Nevertheless,
along with a higher , this lower 8LS must also serve to
duce overall rates of whol tre carbon gain such as oth-
erwise might be expected on the basis of higher Amax and
greater probability of igh level of incoming radiation.
This trade-off associated with a greaterHmax may be one rea-
son for the observation hat light demanding spec es with a
low ρw do not necessa ily show higher above-grou d growth
r tes than their more shade tolerant counterparts (Keeling et
al., 2008).
4.2.4
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does not se m to have be n recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
c rrelations betwe the species scores as expected for the
output from any g od fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits s to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also ccurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA f r th se two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relat v to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environm ntal compo ents
Consideri g data from b th l w and high fertility ites to-
ge her, Table 3 lists correlations and SMA slopes for the en-
vironmental effects wi thi information provided in more
d t il (inclu ing confidence intervals) in the Supplementary
Informati n (Table S2A). As for Table 1, the SMA slopes re-
fl t t e rel tionship y↔x, w th the x as th lumn headers
and t y being the row labels. For t e struct ral traits, th
most signifi ant r lationships ar all negative and app ar be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a l sser
extent log10(`A). Th sl pes observ (−0.26 to −0.41) are,
however, u h less th for the associated slopes for the tax-
onomic components as listed in ble 1 (−0.37 to −0.72).
3.7 Prin ipal compo ent analysis of environment l ef-
fects
Especially giv the strong rela ionships between ρx and the
foliar ation envir nm ntal components (Fig.8) , it was of
additional inter st to if coordinated structural/leaf bio-
chemical respo ses to the enviro ment ex st for Amazon for-
st. W th ref re undertook a PCA nalysi of the full plot
eff cts correlation matrix (excluding Hmax and S both f
which were co sidered to e envir nmentally invariant f r
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
f cts correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticul r, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteri tics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure f soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trient increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Ke dall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
lso shows that the ů2 contains significant weightings of leaf-
level v riables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 a d PA also show strong asso-
ciation, b t with ex minati n of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Fin lly, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
w ll s ů1 and ů2 a functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an in icati of the effect of each
s il/environmental parameter after accounting for the ef-
fect of th other four. Taking into account to the potential
confounding effects of spatial autoc rrelation (Fyllas et al.,
2009) e only c nsider relationship with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
th to be superior predictors tha the individual variables,
the only xception being Ta. In that case, [N], [K] and ρw
all show rel tionships not present when regressing the plot
ffect PCs a depende t variables.
TS: large seeds at the expense of leaf area
As mentioned in Sect. 4.1.3, a major factor in accounting
for his trait dimension is the prese ce f many large seeded
Fabaceae, especially on nutrient poor soils, for whom it turns
out do not h ve as large a 8LS as they would otherwise
be xpected to have on th basis of their o her rait value .
Thus species with a high
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does not seem to hav been rec gnised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, ll of which we be-
lieve to be physiologically relevant (see Suppl m ntary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these thr e trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores f r both PDJ and RW.
Figure 7 shows the maj r components of the thr e major
CPCs and their overlap of rai s in diagrammatic form. This
illustrates that many traits seem t b “shared”, e pecially
MA which is n important fact r for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of t e
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAi ΦLS. Although with a high estimated standard
er or s part of FW, we h ve also include LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environ ental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
h wev r, much less than for the associated slopes for the tax-
o omic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
f liar c ti environm ntal components (Fig.8) , it was of
additional interest to see if c ordinated structural/leaf bio-
chemical responses to the e vironment exist for Amazon for-
est. We therefore undert ok a PCA analysis of the full plot
effects correlati n matrix ( xcluding Hmax and S both of
which were considered to be e vironmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is ther fore not surprising, as is shown in the
eco d panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
f r any given species, both ΦLS and ρw also decline with
incre sing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
TS should best be regarded as
thos having larger than average seed size with that be-
ing associ ted with a lower t an average 8LS s compared
to trees of an equivalent
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the fiv eigenvectors selected, all of which we be-
lieve to be physiologically rel vant (see Supplemen ary In-
formati n), accou ted for 0.68 of the total vari nce f r bo h
low and high fertility soil species.
The first thre axes species score (normalised to ± 100)
are plotted against each other in Supplementary I formati n
Fig. S1. This shows the required lack of any system tic
corr lati between the species scores a expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fe tility soils that have cor s f r both PDJ and RW.
Figure 7 shows the major comp nents o the h maj r
CPCs and thei overlap of traits in diagrammatic form. Thi
illustrates that many traits eem to be “shared”, especi lly
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Int sec ing RW an FW an i the same direction rela-
tive to MAis ΦLS. Although ith a high estimated standard
error as part of FW, we h v also included LA in ( RW ∩
FW), this also showing that it varies i th opposite direc-
tion rel tive to MA and ΦLS for RWc . FW.
3.6 Bivariate relationships: environme tal ompone ts
Consideri g data fr m both low and high fertility sites to-
gether, T ble 3 lists correlations and SMA slopes for the n-
vironmental effects w h this information provided i mor
detail (including confidence intervals) in the Supplementary
Informatio (T ble S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column he d r
and the y being the row label . For the structural traits, the
most significa t relationships are ll neg tive and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, t a lesser
xtent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
ono ic components as listed in Table 1 (−0.37 to −0.72).
3.7 Princ pal comp nent analysis of environmental ef-
fects
Especially given th strong relati ships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional int rest to see if coordinated structural/leaf bio-
chemi al response to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally inv riant for
any given species) with the results shown in Tabl 4. This
shows that 0.33 of th total variation in the 11 traits examined
coul be explained by the first PCA axis (ů1) with ρx an im-
portant ntributor and this also relating positively to foliar
[C] andMA, but neg tiv ly with all foliar nutrients examined
and also with . The second xis of the PCA on the plot ef-
fects correl tion matrix (ů2) is also significant, accounting
for 0.25 of the variance, with s bstantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships betwee the PCA site axis
score f Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top p nel of Fig. 9 shows ů1 as a function of th first soil PCA
axis of Fyllas et al. (2009), th latter considered a strong in-
tegrated measure of soil fertility and denote F. The strong
relatio ship observed suggests a strong integrated response
of Amazon tropical forest tr es to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of th original vari-
abl s examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comp rison with Fyllas et al. (2009)
also ho s that the ů2 contains significant weightings of leaf-
evel variab es that, individually, were all strongly c rrelated
wit mean annual precipit tion (PA) viz. positive correla-
tions with foliar [C] and MA and a negative c rrelation wit
foliar [Mg]. It is th refor not surprising, as is shown in the
second pa el of F g. 9, that ů2 and PA also show stro g asso-
ciatio , but with examinati n of Table 4 also suggesting that
for any given species, b th ΦLS and ρw also decline with
i creasing pr ci itation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show v lues f r
Kendall’s p rtial τ (de oted τp) for all traits of interest as
well as ů1 a d ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value f τp and associ-
ated probability giving an indic tion f the effect of each
soil/environmental parameter after accounting for the f-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 sugg sts
th to be uperior pr dictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
FW and/ r
S. Patin˜o et al.: T opical tree trait dimensions 7
does not se to have b en recognised befor . It is thus here
denoted as PFL.
Ov rall th five eig nvectors selected, all of which we be-
liev t b physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total v r a ce for both
low and high f rtility soil species.
The first three ax pecies scor s (normalised to ± 100)
are plotted against each other in Supplemen ary Information
Fig. S1. This shows the required lack of a y systematic
correlations between the speci s scores as expected for the
output from any good fit of a principle co ponents model.
Cle rly a wide range f c mbinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only specie typically associated with
high fertility so l that have score for oth PDJ and RW.
Figur 7 shows the major compone ts of the th major
CPCs and thei o erlap of traits in diagrammatic form. This
illustrates th t many traits se m to b “sh re ”, specially
MA which is an important fact r for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign s [C], but with [P] and [Mg] vary ng in opposite
directions with respect to MA for these two trait dimensions.
I tersecti g RW and FW and in the same direction rela-
ti to MAis ΦLS. Although with a high estimated standard
error as part of FW, we hav als i cluded LA i ( RW ∩
FW), this al o showing tha it varie in the opposite direc-
tion rel tive to MA and ΦLS fo RWcf. FW.
3.6 Bivariate relation hips: environmental compon ts
Co sidering data from both low and high fertility sites to-
gether, Table 3 li ts correlations and SMA slopes for the en-
vir mental effects with this informatio provided in more
etail ( ncluding confidence intervals) in the Suppleme tary
Information (Table S2A). As for Table 1, th SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the r w labels. For the structural traits, the
most significant relationships are all negativ and appear be-
tween ρx nd log10[P], log10[C ], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
nomic compone ts s listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
f cts
Especially given the strong r lationships between ρx and the
folia catio environment l componen s (Fig.8) , it was f
additional interest to see if coordin ted structural/leaf bio-
chemical r sponses to the nvironment exist f r Amazon for-
st. We therefore undertook a PCA analysis f the full plot
effects correlation matrix (excluding Hmax and S both f
which were considered to be e vironmentally invariant for
any given species) with the results shown in T ble 4. This
shows that 0.33 of the total v riation i the 11 traits examined
could be xplained by the first PCA axis (ů1) with ρx an im-
por ant con r butor and hi also relating p sitively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation m trix (ů2) is also significant, accounting
for 0.25 of the variance, with subst tial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanc d by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship betw en plot effect PCAs and
soil/climate
The mo t signific nt relationships between the PCA site axis
scores of Table 4, and previ u ly calculated soil and climate
characteri tics of the s me sites are shown in Fig. 9. First, the
top panel of Fi . 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil f rtility and denoted F. The strong
relationship observed sug ests a s rong integrated response
f Amazon tropical forest trees to soil fertility, with most nu-
tr nts increasing, and with foliar [C] nd ρx decreasing as
F increases. Int resting y, the Kendall’s τ for this plot of ů1
versus F of 0.63 i gre ter than for any of th original vari-
ables examin d by Fyllas t al. (2009), the ighest of which
was 0.56 for foli [P]. Comparison with Fyllas et al. (2009)
lso sho s that the ů2 contains s nificant w ightings of leaf-
level v riables that, individually, were all strongly correlated
with mean annual precipit tion (PA) viz. positive correla-
t ons with foliar [C] nd MA and a ne ative correlation with
foliar [Mg]. It is the e ore not surprising, as is s own in the
econd panel of Fig. 9, that ů2 and PA also show strong asso-
ci tion, b t with examination of Tabl 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
in reasing recipitation and, som what counter intuitively,
th  increasing.
Final y, as in Fyllas et al. (2009) w h w values for
Kendall’s partial τ (den ted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, T , Pa and Qa
in Table 5. Here the c lculated value f τp and associ-
ated probability g ving an indication of th effect of each
soil/environ ental pa ameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effect of spati l autocorrel tion (Fyllas et al.,
2009) we only c ider relationships with p≤ 0.01 or better.
As f r t e (full) Kendall’s τ shown in Fi . 9, Table 5 suggests
th to b superior predictors than the individual variables,
the ly exception being Ta. In that case, [N], [K] and ρw
all show relationships not pr sent when regressing the plot
effect PCs as dependent variables.
RW. This lowe 8LS
is also acc p nied by reducti n in LA suggesting that it s
not so much competition for later l meristems (Kl iman and
Aarssen, 2007) that gives rise to the negative associ tion be-
tween 8LS and S within this dimension. But rather some sort
f mec nical constraint such as the total mass capable of be-
ing borne per unit stem weight (Westoby and Wright, 2003)
or a simple competition for carbon as discussed in Sect. 4.1.2.
The sm ll but sig ificant contributions of MA, [N] and [P]
to
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does not seem to have been reco nised before. It is thus here
denoted as PFL.
Overall the five igenvecto s selected, all of which w be-
liev to be physiologically rel vant (see Supplementa y In-
formation), accounted 0.68 of he total variance for both
low and high fert lity soil speci s.
The first three ax s species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any syste atic
correlations between the species sc res as expected f r the
output from any good fit f a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions c occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic form This
illustrates that many traits seem to be “shared”, specially
MA which is an important fac or for all thre of PDJ, RW
and FW. Also occurr ng in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying n opposit
d re tions wi respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although ith a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
F ), this als show g th t it varies in the opposit direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Biv r ate relationships: environmental components
Considering data from both low and high fer ility site to-
gether, Table 3 lists orrelations and SMA slopes for the en-
vironmental effects with this informa on provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relatio ship y↔x, with the x s th column headers
and the y being the row lab s. or the structur l traits, the
most significant relationships are ll egative and appear be-
twe n ρx and log10[P], log10[C ], log10[K] and, to less r
extent log10(`A). The slopes obse ved (−0.26 to −0.41) are,
however, much less than for the asso i ted slopes for the t x-
onomic components as listed in Table 1 (−0.37 to −0.72)
3.7 Principal component analysis of environmental ef-
fects
Especially given th strong relationships between ρx and the
f liar cat on environmental omponents (Fig.8) , it was of
add ional interest to see if coordinated structural/leaf bio-
chemical r sponses to the environment exist for Amazon for-
st. We therefore undertook a PCA analysis of the full plot
effects correlat on matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the to al vari tion i the 11 traits examined
c uld be explained by the first PCA axis (ů1) with ρx an im-
p rtant co tributor and this als relating positively to foliar
[C] andMA, but negatively ith all foliar nutrients examined
and als with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot eff ct PCAs and
so l/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil a d climate
characteristics of the same sites are sho n in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas t al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correl t
with mean a nual precipitation (PA) viz. positive correl -
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
econd panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
inc a ing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
T may be mostly geneti associations s members of the
typically large seeded Fabaceae typically h ve a lower MA
and high r [N] and [P] than member of other plant familie
(Fyllas et al., 2009). On he other hand, as is discussed in
Sect. 4.1.3, low r f liar [Ca] lev ls associated w th larger
seed size is probab y functi n l y linked though hig c lcium
requireme s of developing fruits nd seeds.
4.2.5
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does not seem to have be n recognised before. It is thus here
denoted as PFL.
Ov rall the five eigenvectors selected, all of which we be-
liev to be physiolog cally relev nt (see Supplemen ary In-
formation), accounted for 0.68 of the to al variance for both
low and high fertil ty soil species.
The first t re axes speci s scor s (normalised o ± 100)
are plotted ag inst each ther in Supplementary Informatio
Fig. S1. This hows the r quired lack of any systematic
correlations b tween the scores as expected for the
output from any go d fi of a pri ciple compone ts model.
Clearly a wide range of combinations of thes three trait di-
mensi ns can occur. Bu with Fig. 8a also s owing th t it i
(generally speaking) ly speci typicall s i t d with
high fertility so ls that have scores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their overlap of traits in diagrammatic form. This
illustrat s that many traits seem to be “shared”, especially
MA which is an important factor for all three f PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of th
same sign is [C], u with [P] and [Mg] varying in opposite
directi ns with respect to A for these two trait dime sions.
Intersecting RW a FW and i the same direction rela-
tive to MAi ΦLS. Alth ugh with a high stimated stand rd
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in th opp site direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate r lationships: environmental components
Considering data from both low and high fertility sites to-
g ther, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this inform tion provided in mor
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As f r Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation i t l components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
a y given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by th first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but egatively with all foliar nutrients examined
and also with . The second axis f the PCA on the plot ef-
fects correlation trix (ů2) is also significant, accounting
for 0.25 of the variance, wit substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balan ed by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 R latio ship betw en pl t eff ct PCAs and
soil/clim te
The most significant relationship betwee the PCA site xis
score of Table 4, and previously calculated s il and climate
haracteristics f the same s tes are shown in Fig. 9. First, t e
top panel f Fig. 9 hows ů1 as a func io of the first s il PCA
axis of Fyllas et al. (2009), t lat er co sidered a stron in-
egr ted mea ure f soil ertility and d noted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, w th most nu-
trients incre ing, and with fo iar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examine by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows th t the ů2 c ntains ignific nt weightings of leaf-
level v riables th t, individually, were all strongly correlated
with mean annu l precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It i theref re not surprising, as is shown in the
second panel of Fig. 9, th t ů2 and PA also show str ng asso-
ciation, but with ex mination f Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitatio and, somewhat counter i tuitively,
with  increa ing.
Fin lly, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well a ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Tabl 5. Here the calculated value of τp and associ-
ate probability givin an indication of the effect of each
soil/environmental parameter fter ccounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PFL: shade tolerance and lon -term vi bility
T e fifth dime sion id ntified, viz.
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does not seem to have bee recognise b fore. It is thus here
de ote as PFL.
Ov r ll the fiv eige v ctors selecte , of which we b -
lieve to be physiologically relevant (see Suppl mentary In-
formation), accounted for 0.68 of the t tal v ria ce for both
l w and high fertility s il speci s.
The first three axes species scores (normalis d to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any y tematic
correlations between the species scor s as exp cted for the
output from any good fit of a principle components model.
Clearly a w de range f combinations of these three trait di-
mensi ns can occur. But with Fig. 8a also showing that it i
(ge erally peaking) only species typically associated with
high fer ility soi s that have scores for both PDJ and RW.
Figure 7 show the m jor compone ts of the three majo
CPCs and th ir verlap of traits in diagr mmatic form. This
illustrat s that many t aits se m to be “sha ed”, especially
MA which i an important factor f r all hree of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
ame s gn is [C], but w th [P] and [Mg] varying in opposite
directions with resp ct to MA for these two trait dim nsions.
Intersecting RW and F and in the same direction rela-
tive to MAi ΦLS. Alth ug with a high stimated standard
rror as part of FW, we have also included LA in ( RW ∩
FW), this also sh wing that it varies in th opposite direc-
ti relative t MA nd ΦLS for RWcf. FW.
3.6 Biva ia e rela ionships: envir nmental compon nts
Considering data from both lo and high fertility sites to-
g ther, Table 3 lists correlations and SMA slopes for the en-
v ronmental effects with this information provided in more
detail (including confidence intervals) n the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the colum headers
a d he y being the row labels. For th structural traits, the
most significant rel tionships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesse
extent log10(`A). The s pes obs rved (−0.26 t −0.41) are,
however, much less than or the as ociated slope for the ax-
ono ic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis f environmental ef-
fects
Especially given the strong relationships between ρx and the
foli r cati n environmental compon nts (Fig.8) , it was of
additional inte e t to see if coordi ated structural/leaf bio-
c mical respons s to the environmen exist for Am zon for-
est. We therefore undert ok a PCA a alysis of he full plot
effects rr lation matrix (excluding Hmax and S both of
which w re considered t be nvironm al y invariant for
any given species) with the re ults show in Table 4. This
show that .33 of the total variation in the 11 traits exami ed
could b expl ined by the firs PCA axis (ů1) with ρx an im-
ortant contributor an his al o rel ing positiv ly to foliar
[C] andMA, but n gatively wi h all fol ar nutrients exa ined
and also with . The second axis of the PCA on the plot ef-
fects correlation atrix (ů2) is also significant, accounting
for 0.25 of the variance, wi h substantial negative weightings
for MA, fo i r [C] and  (and to a l sser extent foliar [P])
being balanced by po itive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel f Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean nnual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PFL, includ s a signifi-
ca p sitiv contribution f increase MA, presumably as-
sociated with a high tissue density ( s oppossed to leaf thick-
ness) a d ass ciate increased leaf tough ess (Kitajim nd
Poorter, 2010) and with high [C] l ked through higher than
average levels of more reduced str ctural compounds such as
lignin as well as th typically h gh C-content d fense related
compounds such as t nnins and phenols (Fine et al., 20 6;
Read and Stokes, 2006; R ad et al., 2009). Also associated
with this is a higher , which may be suggestive of a greater
internal resistance to CO2 diffusion within the leaves of high
t ssue density woody species (Lloyd et al., 1992; Syvertsen
et al., 1995; Warren and Adams, 2006). Interestingly, as
well these correlat d leaf traits in hi dimension there is
the coordin t d involvement f a lower Hmax. Species with
strong weig tings along this trait dimension are also char-
ac er se by larger se ds as would b expected for shade
ada ted trees (Sect. 4.1.3) Along with a small but s gnifi-
c n contribution of ρx,
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does not s em to ave been recognised before. It is thus here
deno ed as PFL.
Overall th five eigenvectors selecte , all of which we be-
lieve to be physi logically relev nt (see Sup lementary I -
formation), a c unted f r 0.68 of the to al varia ce for bot
low and high f rtility soil species.
The first three axes sp ci s cores (normalised to ± 100)
are plotted against each ther in Supplement ry I formation
Fig. S1. Thi shows the required lack of any ystematic
correlations b tween the species sc res a expected for the
output from any good fit of a principle compon nts model.
Clearly wide range of combinatio s of these thre trait di-
mensions ca occur. But with Fig. 8a also show ng that it is
(generally peaking) only speci s typ cally associated with
high fertility soils that have sc res for both PDJ and RW.
Figure 7 shows the major ompone t of the three maj r
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits s m t be “shared”, e pecially
MA whic is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions w th resp ct to MA f r these two trait dimensions.
Inters cting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estima d standard
error as part of FW, we have al o included LA in ( RW ∩
FW), this also showing that it varies in the pp site direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: envir mental components
Considering data from both low and high fertility sites to-
geth r, Tabl 3 lists correl tions and SMA slopes or the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results sh wn in Table 4. Thi
sho s th t 0.33 of the total variation in the 11 traits examined
could be explained b the first PCA xis (ů1) with ρx an im-
portant contributor n this als r lating pos ively to foliar
[C] andMA, but neg tively w th all oliar nutrients examined
a d also wit . he second axis of he PCA on the plot ef-
fects co rel tion matr x (ů2) is also signific nt, ac unting
for 0.25 of the vari ce, with substant l negativ weighti gs
for MA, foliar [C] and  (and t a lesser extent foliar [P])
bei g balanced by p sit ve weightings for foli r [Mg] in par-
ticul r, but also wi h cont ibu from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropic l forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kend ll’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examin d by Fyllas et al. (2009), the highest f which
was 0.56 for foliar [P]. Comparis n with Fyllas et al. (2009)
also shows that the ů2 contains ignificant weightings of leaf-
level variables that, individually, were all stro gly correlated
with mean annual precipitati n (PA) viz. positiv correla-
tions with foliar [C] and MA and a negative correlation with
f liar [Mg]. It i therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA lso show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PFL is thus strongly suggestive of a
coordinat d trait di ensi n associated with shade tolerance
and ngevity. Not surprisingly then, it seems to play a much
gr ater r le in accounting f r the trait variations f species
ass ciated with l w fertility as opposed to high fertility soils
as i dicated by the different va ues for the characteristic roots
(λlow= 698,λhigh= 318, Tabl 2).
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4.2.6 Significance of integrated trait dimensions and
their components
Although it is axiomatic that, to be included in any of the
above integrated dimensions, a trait would have had to have
been measured, what is perhaps more subtle, is that the mix
of suites of traits coming together on any one PCA (or CPC)
axis is also dependent on what is not measured. For exam-
ple, our differentiation of the first two components of the
CPC analysis of Table 2, viz.
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the maj r components of th three major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PDJ and
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does not se m to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically r levant (see Supplementary In-
formation), accounted or 0.68 of the total variance for both
low and high fertility soil species.
The first three axe sp cies scores (normalised to ± 100)
are plot ed against each other in Supplementary I formation
Fig. S1. This shows the required lack of any systematic
corr latio s b tween the sp cie scores as expected for the
output fr m any good fit of a principl components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typi ally associated with
high fertility soils that have sc res for both PDJ and RW.
Figure 7 shows the maj r comp n nts of the thre major
CPCs and their overla of traits in diagrammatic form. This
illustrates that many traits seem to b “shared”, especially
MA which is imp tant fac o for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for hese two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to M is ΦLS. Alt ough with a high estim ted standard
err r as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Biv riate relatio ships: viron ental components
Considering data fr m both low and high f rtility sites to-
gether, Table 3 ists correlations and SMA slop s for the en-
vironmental effect with this i fo mation provid d in more
detail (inclu ing co fidence tervals) in the Supplementary
I formation (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being th row labels. For the structural traits, the
most significant relationships are all eg tiv and appear be-
tween ρx and P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed ( .26 to −0.41) are,
howev r, much less th n for th a sociated slopes for the tax-
onomic components as list d in Table 1 ( .37 to −0.72).
3.7 Principal component analysis of vironmental f-
fects
Especially given the str g relationships between ρx and the
foliar cation e viron ental components (Fig.8) , it was of
additional int rest t see if coordinated structural/leaf bio-
chemical responses to the e vironment exist for Amazon for-
est. W ther fore undertook PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be e vironmentally invariant or
any given species) with the results shown in able 4. This
shows that 0.33 of the otal variation in h 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
po tan contributor and this also relating p sitively to foliar
[C] andMA, but negatively with all foliar nutrie ts examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
or 0.25 of the variance, wi h subst ntial ne ative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being alanced by positive weightings for foliar [Mg] in par-
icular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships b tween th PCA site axis
scor s of Table 4, and previously calculated soil and climate
characteristics of th s me sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a unction of the first soil PCA
axis of Fyllas et al. (2009), the latter con idered a strong in-
t grat d measure of soil fertility and denot d F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical fore t tre s to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
abl s examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains sign fica t weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) iz. positive correla-
ti ns with foliar [C] and MA nd a negative correlation with
foliar [Mg]. It is therefore not surprising, as is s own in the
s c nd panel of Fig. 9, that ů2 and PA als show strong asso-
ciat on, but with examin tion of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitati n and, somewhat count r intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kend l’s partial τ (den ted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Tabl 5. Here th calc lated value of τp and associ-
ted probability giving an indication of the ffect of each
soil/e vironmental p rameter after acc unting for the ef-
fec of the other four. Taking i o account to the potential
confounding effects of spatial ut corre ation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (fu l) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superi predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relati nships not present whe regressing the plot
effect PCs as dependent variables.
RW occurred mainly
as consequence of [C] varying positively with MA for
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does not seem to have been recognised before. I is thus here
d not d as PFL.
O erall th five eigenvectors selected, all of which we be-
lieve t be physiologi ly relevant (see Supplementary In-
format on), accounted for 0.68 of the total variance for both
low and high fertility s il species.
The first thr e xes species scores (normalised to ± 100)
are plott d aga nst e h other in Supplementary Information
Fig. S1. This shows the requir lack of any systematic
c rrelations between the speci s scores as expected for the
outpu fro any good fit of a p inciple components model.
Clearly a wide range of combinations of these three trait di-
m nsions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility oils that ave scores for both PDJ and RW.
Figure 7 sh ws t e major compon nts of the three major
CPCs nd th ir ov rlap of traits in diagrammatic form. This
illu trates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) nd of the
ame sign is [C], but with [P] and [Mg] v rying in opp site
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW an in the sa e direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environm nt l components
C id ring data from bo low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
v ronmental eff ct with this infor ation provided in more
detail (including confidence int rvals) in the Supplementary
Information (Tabl S2A). As fo Tabl 1, the SMA slopes re-
flect the elationship y↔x, wit the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all n gative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
ext nt l g10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environ ent l ef-
fects
Especially given the s rong relationship bet een ρx and the
oliar cat on environmen al component (Fig.8) , it was of
additional interest to see i coordinated structural/leaf io-
chemical responses to the envir nment exist for Amazon for-
est. We th refore u ertook a PCA analysis of the full plot
effects c rr lation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given spec es) with the esults shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant c ntributor and this also rel ting positively to foliar
[C] andMA, but negativ ly with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, w th substantial negative weightings
for MA, folia [C] and  (and to a lesse extent foliar [P])
eing balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most signifi nt relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top p n l of Fig. 9 show ů1 as a function of the first soil PCA
ax of Fyllas et al. (2009), he latter considered a strong in-
tegrated mea ure of soil f rtility and denoted F. The strong
r lati nship observed suggests a str ng integrated response
o Amazon tropical forest trees to soil fertility, with most nu-
t i nts increasing, and with fol ar [C] and ρx decreasing as
F i creases. Inte stin ly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater t an f r any of the original vari-
ables exa ned by Fyll s et al. (2009), the highest of which
was 0.56 for foliar [P]. Compar son with Fyllas et al. (2009)
also shows that h ů2 contai s significant weightings of leaf-
level var ables that, nd vidually, were al strongly correlated
with mean nu l pr c pitation (PA) v z. positive correla-
i n with f liar [C] and MA and a ega ive correlation with
foli r [Mg]. It i therefore not urprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for a y given sp ci s, b th ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Ke dall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 s functions of F, T, Ta, Pa and Qa
in Table 5. Here th calculated value of τp and associ-
ated prob bility giving a indication of the effect of each
s il/e viro me al parame r fter accounting for the ef-
fect of the other four. T king into account to the potential
confounding effects of spatial aut correlation (Fyllas et al.,
2009) we only consid r relationships with p≤ 0.01 or better.
As for the (full) Kend l’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
t o ly exception b ing Ta. In that case, [N], [K] and ρw
all show elationships not present when regressing the plot
effect PCs as dependent variables.
PDJ
(this being interpreted as less allocation of photosynthate to
more reduced structural compounds such as lignin in low
MA/high cation leaves), but increasing with decreasing MA
within
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenv ctors sel cted, all of w ich w be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted f r 0.68 f the total varianc for both
low and high fertility s il species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between t e species scores as expected for th
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of th three major
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings f r foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship betw en pl t effect PCA and
soil/climate
The most significant relationships between the PCA site axis
scores of Tabl 4, and previously calculated soil and climate
ch r cteri tics of the same sit s a sh wn in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a functio of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of mazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this pl t of ů1
versus F of 0.63 is greater than for any of the original ari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as i Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here t e calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider rel tionships wit p≤ 0.01 or better.
As for the (full) Kendall’s τ show in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW (this likely being an effect of higher lipid con-
tents in higher photosynthetic capacity leaves). If leaf [C] is
omitted from the analysis, then these two dimensions actu-
ally collapse into the one due to he str ng corr lations be-
tween all of the cation , nitrogen and phosphorus and (neg-
atively) MA (results not shown). This seems likely to have
been he case for the r sults f Easdale and Healey (2009)
and Baraloto et al. (2010) where, along with MA, cati ns,
n trogen and phosp orus were all considered part of the one
dim nsion.
It is thus clear, that in the presence of additional parameter
measurements (for example direct determinati f KS) our
derived dimensions may well have b en different. Never he-
less, as discussed above, all fiv ide tified
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does not seem to have been recognised before. It is thus h re
denoted as PFL.
Overall the fiv eigenvectors selected, all of w ich we be-
lieve to b physiologi ally relevant (see S pplementary I -
formation), accou ted for 0.68 of th total varianc for both
low and high fer il ty soi species.
The first three axes species s ores (normalis d to ± 100)
are plott against ach other in Suppl mentary Information
Fig. S1. T is shows the r quired lack of any systematic
correlations betw en the species scores as expected for the
output from any good fit of a pri ciple components model.
Clearly a wide range of combinations of these three trait di-
mensions ca occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertil ty soils that have sc s f r b th PDJ and RW.
Figure 7 sho s the major components of the three ajor
CPCs and their ov rlap of traits in diagram atic form. This
illustrat s that many traits se m to be “shared”, especially
MA which is an important factor for ll three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in th same direction rela-
t ve to MAis ΦLS. Although wi a high estimated standard
rror as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relatio ships: e vironmental comp nents
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
f r MA, foliar [C] a d  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and den ted F. The strong
re ationship observed suggest a strong integrated response
of Am zo tropic forest trees to soil f rtility, with most nu-
trients in r asing, and with oliar [C] and ρx decreasing as
F ncreases. Interesti gly, the Kendall’s τ or this plot of ů1
versus F of 0.63 is gr ater han for y of the riginal vari-
ables examined by Fyllas t l. (2009), he ighest of which
was 0.56 or foliar [P]. Comparison w th Fyllas et al. (2009)
lso shows that the ů2 contains ignific nt weightings of leaf-
lev l v riables that, dividually, were all strongly correlated
with m an annual precipitatio (PA) iz. pos tive correla-
s w th f liar [C] nd MA and a negative correlat on with
f ia [Mg]. It is ther fore t surprising, as is s own in the
second panel of Fig. 9, that ů2 and PA also how strong asso-
cia ion, but with examination of Table 4 lso suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
rela e n some
way to previously identified tra gr upings; though in some
cases (as for example with S and MA in
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d es not seem to have been recognised before. It is thus here
denot d as PFL.
Overall t e five eigenvect rs selected, all of which we be-
lieve to b p ysiological y relevant (see Supplementary In-
formatio ), account d for 0.68 of the total va iance for both
low nd h gh fertility soil specie .
The fir t three axes sp cies scor ( ormalised to ± 100)
are plott d ag inst each ot r in Suppl me t ry Information
Fig. S1. This shows the required la k of any systematic
correlations betw en th species scores as exp cte for the
output from any g od fit of a princ ple components model.
Cle rly a wi e range of c mbinations of these three trai i-
mensions can occur. But with Fig. 8a als showing t at it is
(g rally speaking) nly pecies typically associated with
h gh fertility soils that have sco es for both PDJ and RW.
F g r 7 shows the major components of the three m jor
CPCs and the r overlap of traits in diagr mmatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) an of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated st ndard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relati ships: envi onmental components
Cons dering d ta rom bot low a d high fertility sites to-
gether, Table 3 lists correlations and SMA slop s for th en-
vironmental effects with this information provided in mor
detail (including confidence intervals) in the Suppleme tary
Information (Table S2A). As for Table 1, t SMA slopes re-
flect the relationship y↔x, with the x as the colum head rs
and th y being the row labels. For the structural trai s, th
most sig ificant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). Th slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed i Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given he rong r lationships b tween ρx nd the
foliar cat on environmental components (Fig.8) , it w s of
additional interest to see if c ordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We ther fore undertook a PCA analysis of the full plo
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given sp cies) with the resul s shown in Table 4. This
shows that 0.33 of the total var ation in the 11 traits examined
could be explained by the first PCA xis (ů1) with ρx an i -
port t contributor and this also relating positively to foliar
[C] andMA, but negatively with all fo iar nutr ents examined
and also with . The second axis of the PCA on he plot ef-
fects correlati n matrix (ů2) is also significant, account ng
for 0.25 of the variance, w h substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most signifi ant relationships between the PCA site axis
scores of Table 4, and previously c lculated soil and climate
char cteristics of the same sites ar shown in F g. 9. Fir , the
top p nel of F g. 9 shows ů1 as a function of the fi st soil PCA
axis of Fyllas et al. (2009), the la ter co sid red a s rong in-
t grated easure f oi fertili y and t F. The strong
relationship observed uggests a strong integrated re p nse
of Amazo tropical fo trees o soil fer i ity, with most nu-
tri ts incre sing, and with f liar [C] and ρx dec easing as
F incr ases. Interestingly, the Kendall’s τ fo is lo f ů1
versus F of 0.63 is g eat th n for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 fo foliar [P]. Compariso with Fy la et a . (2009)
so sh ws that the ů2 con ains significa t weighti gs of af-
l vel variables th t, i dividu lly, were ll str ngly corr lated
wi mean annual precipitation (PA) v z. po itive c rrela-
tion with oliar [C] and MA and a egative correlation with
foliar [Mg]. It is therefore ot surprisi g, as is shown in the
second panel of Fig. 9, that ů2 and PA lso show trong asso-
ciation, but with examination of Table 4 also suggesting that
for any give species, b th ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Fina y, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest a
well as ů1 and ů2 as fu ctio s of F, T, Ta, Pa and Qa
in Tab e 5. Her he c lcula d value of τp a d associ-
ated probability giving an indication of the effect of each
soil/enviro mental parameter after ac unting for the ef-
fect of the other four. Taking into account to the potential
confounding ef ects of spatial aut correlation (Fyllas et al.,
2009) we only consider relationships wit p≤ 0.01 or better.
As for the (full) Kendall’s τ shown i Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception b i g Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PFL) not previously
specifically linked through the species dependen variance-
covariance matrix. It would be of great interest t see how
the identified trait combinations vary with phylogeny and if
they trace back through evolutio ary time as discrete c bi-
nations. Nevertheless, these ambitions may be confounded
by trait such as MA being significant in almost all dimen-
sions. As discussed at the start of Sect. 4.2.6 this may be
because variations in MA can be surr gate for variations in
tissue density, leaf thickness or b th, a d similarly from the
discussion in Sect. 4.1.1 to 4.1.5 above, variations in [C],
8LS, LA and  are all potentially a tributable to a range of
different underlying cau e . It is also probably for t is reason
that conside abl ambiguity exists between fferent studi
n t rms of th ignific ce (or even the sign) of s me biv ri-
ate relationships. For example, if the prima y source of vari-
ation in LA and MA were to be in association with
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d e not seem to hav been recognised before. It is thus here
denoted as PFL.
Overall the five e genvectors selected, all f which we be-
lieve to be physiolo i ally rel vant (see Suppleme tary In-
formation), accounted for 0.68 of t e total v r a ce for both
low and high fertility so l species.
The first three ax s spec es scores (normalised t ± 100)
are plotted again t each other in Supplementary Information
Fig. S1. This shows the equired lack f any systematic
c rrelations between the speci s scores as expected for the
output from any good fit of a principle components model.
Clearly a wide range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fertili s ils that have scores f r both PDJ a d RW.
Figur 7 sh ws the major compon ts the hr e maj r
CPCs and th ir ov rl p f tr its in dia rammatic form. This
illustrates that many t aits se m to b “shared”, especially
M which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the ame direction rela-
tive to MAi ΦLS. Although with a high estimated standard
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results s own in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegr ted measure of soil fertility and denoted F. The strong
relationship observ suggests a strong integrated response
of Amazon tropical fore t trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is g e ter than for a y of the original vari-
ables examined by Fyllas et l. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
als shows that th ů2 contains significant weightings of leaf-
level variables that, individually, were ll stron ly correlated
with m an annual precipitation (PA) viz. positiv correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
FW (this
being similar in many ways to the light acquisition axis iden-
tified by Zhang and Cao (2009) fo dipterocarps growing in a
Chinese common garden) then a positiv association between
MA and LA would be expected, with leaves of upper canopy
trees being both larger and thicker than those for trees lower
down in the canopy (as was found to be the case for tem-
perate deciduous trees, for example, by Niinemets, 1998).
On the other hand, where foliar N and/or P dry weight con-
centrations are the main source of variation via
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does not seem to been recognised b fore. It is thus he e
denoted as PFL.
Ov r ll th five e ge vect s selected, all f which we be-
lieve t be physiologically relevant (see Supplementary In-
formatio ), acc unted f r 0.68 of the total varia ce for both
low nd high fertility soil species.
The first three axes species s r s ( rmalised to ± 100)
re plotted against ea h other in Suppl mentary I formation
Fig. S1. Th s shows the required lack of any syst mat c
orrelations between he species scores as expecte for the
output from any good fit of a principle com onents model.
C early wide range of combinations of thes three trait di-
mensions can occur. But wi Fi . 8a also showing that it is
(generally speaking) only p cies typically associated with
high fertility soils that have s ores for both PDJ and RW.
Figure 7 shows the major components of the three major
CPCs and their ov rlap f traits in diagrammatic form. This
illustrates t t many tra ts seem o be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also ccu ring i ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with re p ct t MA for the e two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error s part of FW, we hav also included LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relativ to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively ith all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] d  (and to a lesser ex ent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculate soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
t p pa el of Fig. 9 shows ů1 as a f ction f the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazo tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of t e original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW, then a
negative relationship betweenMA andLA would be expected
to be observed as, for example, was found to be the case for
a range of herbaceous angiosperms by Shipley (1995). Or,
as was found in some cases by Pickup et al. (2005) we can
predict that in some circumstances there should be no rela-
tionship between LA and MA, for example where
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does not seem to have been recognised before. It is thus here
denoted as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
are plotted against each other in Supplementary Information
Fig. S1. This shows the required lack of any systematic
correlations between the species scores as expected for the
output from any good fit of a principle components model.
Clearly a w de range of c mbinations of hese three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high f rtility soils that have scores for both PDJ and RW.
Figu e 7 shows the major components of the three major
CPCs and their overlap of traits in di grammatic form. This
illustrate that many tr its seem to be “shar d”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occurring in ( PDJ ∩ RW) and of the
same sign is [C], but with [P] and [Mg] varying in opposite
directions with respect to MA for these two trait dimensions.
Int secting RW FW and in the same d rection rel -
tive to MAis ΦLS. Althoug with a igh estimated standard
error as part of FW, we have lso includ LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relativ to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Considering data from both low and high fertility sites to-
gether, Table 3 lists correlations and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y bei g the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] nd, to a lesser
exte t log10(`A). The slopes observed (−0.26 to −0.41) are,
howev r, muc le than f r the associated lopes for the tax-
onomic c mponents as isted in T ble 1 (−0.37 to −0.72).
3.7 Principal comp nt analysis of environ ental ef-
fects
E p cially given the strong relationships between ρx the
foliar cation nvir men l components (Fig.8) , it wa of
dditional int res to see if coordin ted structural/leaf bio-
chemical respons s to the environmen ex st for Amazon for-
est. W t erefore undertook a PCA n ysis of t full plot
effects correl tion matrix (excluding Hmax and S both of
which re con idered to be environm ntally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be explained by the first PCA axis (ů1) with ρx an im-
portant contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is also significant, accounting
for 0.25 of the variance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship between plot effect PCAs and
soil/climate
The most significant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s partial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
PDJ is
the primary source of variation in the latter (as LA is effec-
tively absent from this dimension). Indeed, although much
touted as a fundamental plant trait (e.g., Poorter et al., 2009;
Asner et al., 2011; Kattge et al., 2011) MA seems to us to
be too confounded a measurement to be practically useful in
differentiating different plant growth strategies as evidenced
by its contribution to the five
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does not seem to have been recognised b fore. It is thus here
denot d as PFL.
Overall the five eigenvectors selected, all of which we be-
lieve to be physiologically relevant (see Supplementary In-
formation), accounted for 0.68 of the total variance for both
low and high fertility soil species.
The first three axes species scores (normalised to ± 100)
ar plotte against each ot er in Supplementary Information
Fig. S1. This shows the required lack of any syste atic
corr lations between the species scores as expected for the
output from any good fit of principle co ponents odel.
Cle rly a wi e range of combinations of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only species typically associated with
high fer ility soils that have scores for both PDJ and RW.
Figure 7 shows the major componen s of the three major
CPCs and their overlap f traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, especially
MA which is an important factor for all three of PDJ, RW
and FW. Also occur ing in ( PDJ ∩ RW) and of th
same sign is [C], but with [P] and [Mg] varying n opposi e
directio s with respect t MA for these two tr it dim nsions.
Intersecting RW nd FW and in the same dir ction rela-
tive to MAis ΦLS. Although with a high estimated stand d
error as part of FW, we have also included LA in ( RW ∩
FW), this also showing that it v ri s in the opposite direc-
tion relative to MA an ΦLS for RWcf. FW.
3.6 B variate relationships: viro menta comp ents
Considering data fr m both low and hig fertility sites to-
g ther, Table 3 lists correl tio s d SMA slopes for t e en-
vironment l ffects wi this informa ion provided in m re
d tail (includi c fidence i t rvals) in the Supplementary
Inform tion (Tabl S2A). As for Tabl 1, t SMA slopes re-
flect the relationshi y↔x, with th x s the column headers
and the y being the row labels. For the structural traits, the
most significant r l tionships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a le ser
extent log10(`A). The slopes observed (−0.26 to −0.41) re,
however, much less than for the ssociate slopes for the tax-
onomic components as listed in Ta le 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the str ng relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
dditional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for mazon for-
est. We therefore und rtook a PCA analysis of the full plot
effec s corr latio matrix (excluding Hmax and S both f
which were considered to be environmentally invariant for
any given species) with the results shown in Table 4. This
shows that 0.33 of the total variation in the 11 traits examined
could be plai by the first PCA axis (ů1) with ρx an im-
porta t contributor and this also relating positively to foliar
[C] andMA, but negatively with all foliar nutrients examined
and also with . The second axis of the PCA on the plot ef-
fects correlation matrix (ů2) is ls ignifican , accounting
for 0.25 of the v riance, with substantial negative weightings
for MA, foliar [C] and  (and to a lesser extent foliar [P])
being balanced by positive weightings for foliar [Mg] in par-
ticular, but also with contributions from ΦLS and ρx.
3.8 Relationship betwee plot effect PCAs a d
soil/climate
The most ignificant relationships between the PCA site axis
scores of Table 4, and previously calculated soil and climate
characteristics of the same sites are shown in Fig. 9. First, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tr pical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, s in Fyllas et al. (2009) we show values for
Kendall’s p rtial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
i Table 5. H re the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other four. Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
above. Future work would
be better directed towards separate measurements of foliar
tissue density and thickness as well as leaf dry matter con-
tent (Witkowski and Lamont, 1991; Wilson et al., 1999). It
is probably bec use of its ambiguous nature tha MA does
not seem to be as good a predictor of demographic rates as
first thought, specially when comparisons are done across
different sites (Poorter et al., 2008).
Our resul s give no support for the supposed “seco d
dimension” of the leaf econ mics spectrum proposed by
Baltzer and Thomas (2010 . That study, primarily based on
d t f om Bornean f rest tr es d d, h w ver, fail to differenti-
at betwe n taxon mic ver us soil effects on fol ar properties
s has been ne here. And wit their “second dimension”
(hardl likely to b rthogonal the fir t dimensi n in a y
case) most lik y simply reflecti g soil fertility effects on fo-
liar [P] as lready well documented by Fyllas et al. (2009)
nd considered further below.
4.3 Coordinated trait responses to environmental
var ability
As evidenced y th 0.3–0.4 p rtion of th total variance as-
sociated with the 8LS, ρx and  “plot effect” terms (Fig. 2),
value of all these traits ar not independent of where a
pecies is growing and with there being strong environmen-
tal corr lations between ρx and all of log[N], log[P], log[Ca]
and log[K]. This results in this structural parameter align-
ing itself along with elemental concent ations (including [C]
with a negative w ighting) in the first envir nm ntal PCA
axis, ů1 (Table 4), which was itself closely correlated with a
PCA of soil chemical and physic l prop rties (Fyllas et al.,
2009; Que ada et al., 2010). This dim nsio , relating to what
seems to be a soil fertility mediated effect, bears some resem-
blance to
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does not seem to have been recognised b fore. It is thu here
d noted s PFL.
Overall the five ig nvectors selected, all of which we be-
lieve to be physiologically relev nt ( e Supplementary In-
forma i n), accounted f r 0.68 of the tot l variance for both
low and high fertili y soil species.
The first three axes sp cies scores (norma ised to ± 100)
are plot ed gainst each other in Suppl mentary Information
Fig. S1. This shows the required lack of any systematic
correlations betw en the s ecies scores as expect d f r the
output from any good fit of a principle compo e ts model.
Clearly a wid range of combin tions of these three trait di-
mensions can occur. But with Fig. 8a also showing that it is
(generally speaking) only sp cies typically associated with
high fertility soils that have scores for both PDJ and RW.
Figure 7 shows the major components of the t ree jor
CPCs and their overlap of traits in diagrammatic form. This
illustrates that many traits seem to be “shared”, specially
MA which is an impo an factor for all three of PDJ, RW
and FW. Also occur ing ( PDJ ∩ RW) and f the
same sign is [C], but with [P] a d [M ] varying in opposite
direct ons with respect to MA for these two trait dimensions.
Intersecting RW and FW and in the same direction rela-
tive to MAis ΦLS. Although with a high estimated standard
error as part of FW, we have a so include LA in ( RW ∩
FW), this also showing that it varies in the opposite direc-
tion relative to MA and ΦLS for RWcf. FW.
3.6 Bivariate relationships: environmental components
Co sidering data from b th low and high fertility sites to-
gether, Table 3 lists correl tions and SMA slopes for the en-
vironmental effects with this information provided in more
detail (including confidence intervals) in the Supplementary
Information (Table S2A). As for Table 1, the SMA slopes re-
flect the relationship y↔x, with the x as the column headers
and the y being the row labels. For the structural traits, the
most significant relationships are all negative and appear be-
tween ρx and log10[P], log10[Ca], log10[K] and, to a lesser
extent log10(`A). The slopes observed (−0.26 to −0.41) are,
however, much less than for the associated slopes for the tax-
onomic components as listed in Table 1 (−0.37 to −0.72).
3.7 Principal component analysis of environmental ef-
fects
Especially given the strong relationships between ρx and the
foliar cation environmental components (Fig.8) , it was of
additional interest to see if coordinated structural/leaf bio-
chemical responses to the environment exist for Amazon for-
est. We therefore undertook a PCA analysis of the full plot
effects correlation matrix (excluding Hmax and S both of
which were considered to be environmentally invariant for
any give species) with t e results shown in Table 4. This
shows that 0.33 of he total variation in the 11 traits examine
c uld be explained by the first PCA axis (ů1) with ρx an im-
ort t c tributor and this also relating posi ively to foliar
[C] andMA, bu negatively ith all foliar nutrients examined
and also w h . The second axis of the PCA on the plot ef-
fects correl tion matrix (ů2) is also significant, accou ting
for 0.25 of the varian e, with substantial negative weightings
for MA, foliar [C] and  (and t a lesser extent foliar [P]
being balanc d by positive weighti gs for foliar [Mg] in par-
ticul r, but als with contributions from ΦLS and ρx.
3.8 R l tio ship betwee plot effect PCAs and
o l/climate
The most significant relati ships between the PCA site axis
scores of Table 4, and previ usly calculated soil and climate
characte istics f the same sites are show in Fig. 9. Fir t, the
top panel of Fig. 9 shows ů1 as a function of the first soil PCA
axis of Fyllas et al. (2009), the latter considered a strong in-
tegrated measure of soil fertility and denoted F. The strong
relationship observed suggests a strong integrated response
of Amazon tropical forest trees to soil fertility, with most nu-
trients increasing, and with foliar [C] and ρx decreasing as
F increases. Interestingly, the Kendall’s τ for this plot of ů1
versus F of 0.63 is greater than for any of the original vari-
ables examined by Fyllas et al. (2009), the highest of which
was 0.56 for foliar [P]. Comparison with Fyllas et al. (2009)
also shows that the ů2 contains significant weightings of leaf-
level variables that, individually, were all strongly correlated
with mean annual precipitation (PA) viz. positive correla-
tions with foliar [C] and MA and a negative correlation with
foliar [Mg]. It is therefore not surprising, as is shown in the
second panel of Fig. 9, that ů2 and PA also show strong asso-
ciation, but with examination of Table 4 also suggesting that
for any given species, both ΦLS and ρw also decline with
increasing precipitation and, somewhat counter intuitively,
with  increasing.
Finally, as in Fyllas et al. (2009) we show values for
Kendall’s p rtial τ (denoted τp) for all traits of interest as
well as ů1 and ů2 as functions of F, T, Ta, Pa and Qa
in Table 5. Here the calculated value of τp and associ-
ated probability giving an indication of the effect of each
soil/environmental parameter after accounting for the ef-
fect of the other fou . Taking into account to the potential
confounding effects of spatial autocorrelation (Fyllas et al.,
2009) we only consider relationships with p≤ 0.01 or better.
As for the (full) Kendall’s τ shown in Fig. 9, Table 5 suggests
the to be superior predictors than the individual variables,
the only exception being Ta. In that case, [N], [K] and ρw
all show relationships not present when regressing the plot
effect PCs as dependent variables.
RW but with a ore easily discernible effect on ρx.
As mentioned in Sect. 4.1.1, such a fertility effect on ρx has
been seen before as mediated by soil phosphorus availability
for euca ypt and mangrov (Thomas et al., 2005; Lovelock
et al., 2006). Although working with Brazilian savanna trees,
Bucci et al. ( 006) found it was nitrogen (as opposed to phos-
phorus) fertilisation that induced changes in ρx and KS and
in their case with N-fertilisation causing att ndant increases
in 8LS not de cted here (Table 4).
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It seems likely that higher foliar [P], especially in com-
bination with the lower MA also associated with ů1 would
give rise to higher photosynthetic rates on an area basis
(Domingues et al., 2010; Mercado et al., 2011). Thus, with
tropical forest tree hydraulics and photosynthetic capacity
being closely linked (Brodribb and Field, 2000; Brodribb et
al., 2002; Santiago et al., 2004a) the likely increase in KS ac-
companying a decrease in ρx with improved nutrient status
may serve to help maintain some homeostasis in leaf water
relations, this offsetting the higher rates of water-use per leaf
area that would be expected to accompany any increase in
ů1. This suggestion supported by the only modest contri-
bution of  to this dimension (Table 4). As to how such a
coordination could occur is currently not clear, although the
greater rates of cambial activity in the wood of higher P status
trees giving rise to a lower ρx might be attributable through
sugar signalling mechanisms (Rolland et al., 2006; Ho¨ltta¨ et
al., 2010), this resulting in less secondary thickening of ves-
sels walls and a higher conduit area (Thomas et al., 2005).
Other elements may also be involved though, for example
effects of calcium and/or potassium on sapwood cambial ac-
tivity (Fromm, 2010).
The second integrated environmental response dimension
identified, ů2, essentially represents an integration of previ-
ous observed foliar trait responses to precipitation, viz. in-
creased MA, [C] and  and decreased [Mg] as mean annual
precipitation increases as detailed in Fyllas et al. (2009). Al-
though this response to PA seems at odds with the general
observation from inter-species analyses that leaves of more
arid environments should have a higher MA and often with
a higher  (Miller et al., 2001; Santiago et al., 2004b) as
discussed by Fyllas et al. (2009) this tendency towards more
structurally rigid leaves at higher PA may reflect different
populations of the same species having different character-
istics according to their prevailing environment. An aligned
interpretation is that as severe dry season water deficits be-
come increasingly less of a driving force in determining leaf
lifetimes, leaves of any given species become more “ever-
green” in their structural characteristics. And indeed it is
worth noting that the distinction between evergreen and de-
ciduous phenologies for tropical forest trees is a somewhat
arbitrary one (Brodribb and Holbrook, 2005; Williams et al.,
2008). In such an interpretation, an increase in  with PA
could be interpreted as either a tendency towards more con-
servative stomatal behavior in evergreen species where the
precipitation regime is not strongly seasonal (Lloyd and Far-
quhar, 1994) or, alternatively to an increased resistance to
CO2 diffusion within higher MA leaves due to a higher cell
wall resistance (Syvertsen et al., 1995).
Although not emerging as any sort of integrated response
through the PCA analysis of the derived environmental ef-
fects, the temperature responses of [N], [K] and ρx are all
also of note; these have already been considered separately
by Fyllas et al. (2009) and Patin˜o et al. (2009).
5 Conclusions
Extending beyond a simple bivariate analysis approach, this
study has separated environmental from taxonomic effects
for a range of structural and physiological traits for Ama-
zon forest trees then using Common Principal Component
Analysis to reveal as many as five discrete integrated axes
of taxonomic variation. The relative weightings of the axes
varies between low and high fertility soil associated species.
The first component (accounting for the highest proportion
of the total variance in the dataset) was not the classic “leaf
economic spectrum”, but rather relates mostly to variations
in leaf construction costs per unit dry weight. The leaf eco-
nomic spectrum was the second most important dimension
identified in terms of variance accounted for, with our re-
sults suggesting that it also involves differences in leaf size
as well as in leaf area: sapwood area ratios. Our third di-
mension brings together several structural traits, including
species specific maximum height, individual leaf areas, leaf
mass per unit area and xylem density and leaf magnesium
concentrations. The fourth and fifth dimensions were inter-
preted as relating to a seed size/leaf area trade-off and shade
tolerance characteristics respectively.
Several traits, in particular leaf mass per unit area, foliar
carbon content and xylem density had significant weighting
on many axes of variation, this being attributed to their some-
what ambiguous “proxy” nature for a range of underlying
and more fundamental plant physiological properties. In par-
ticular, variations in twig xylem density may arise as a conse-
quence of differences in a range of different underlying phe-
nomena and with its generally poor correlation with other
plant traits suggesting that it may not be as good a proxy for
plant hydraulic conductivity as once thought.
Significant effects of environment on many plant traits
were also identified. Some of these integrated into dis-
crete dimensions of variation and with discrete but different
changes being associated with variations in soil fertility ver-
sus differences in mean annual precipitation. Whether these
differences relate to strict “environmental effects” or reflect
systematic patterns in intra-specific trait variation with soils
and/or climate remains to be established.
Supplementary material related to this
article is available online at:
http://www.biogeosciences.net/9/775/2012/
bg-9-775-2012-supplement.pdf.
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